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Abstract 
This project focuses on new techniques and ideas to engineer the polymer 
materials and their monomer precursor of bilayer organic light emitting diodes 
devices (OLED) in such a way as to control the boundary region between the two 
layers and thereby improve charge balance and radiative efficiency. This is addressed 
by synthesis of the electron transport layer (ETL) and hole transport layer (HTL) 
precursors bearing hydrogen bonding and mesogenic functionalities. Hydrogen 
bonding at the interface ensures a well defined boundary region whilst the mesogenic 
groups impart some structural regularity to the films resulting in good conjugation 
length and charge mobility. 
The system proposed for the HTL material is designed around a synthetic 
methodology for building trimeric precursors based on pyrrole, thiophene and mixed 
systems bearing a mesogenic group. The trimeric systems based on Thiophene-
Pyrrole-Thiophene were achieved employing Paal-Knorr condensation reaction for 
the formation of pyrroles. A large series of compounds were achieved by this 
methodology, which were fully characterised. Also, X-ray diffraction techniques 
were employed for all the novel crystals obtained. In addition, 3,4-
ethylenedioxythiophene (EDOT) has also been considered as a building block for 
HTL materials because of its well known conducting and electroluminescent 
properties together with good processabiIity. The synthesis of electroactive materials 
based on EDOT derivatives has also been studied employing different routes of 
synthesis for the achievement ofmonomers and dimers. 
ETL materials system were based upon a modification of an established system 
using a substituted fluorene precursor bearing a mesogenic unit. Consequent 
polymerisation of the fluorine derivative was achieved employing Yamamoto 
coupling reacition using nickel (0) as a catalyst. 
VI 
----------------------.... 
Keywords 
Electroluminescence, Conducting Polymers, Conjugated Polymers, Electroactive 
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Chapter I Introduction 
1 Background in Context 
1.1 Polymers Overview 
Polymers are materials composed by a large number of repeating small units 
connected by covalent chemical bond. The term polymer derives from the Greek 
word, polys, meaning many and meros, meaning parts. The small units are called 
monomers, which name, also come from a Greek word, where mono means one. A 
typical polymer may include tens of thousands of monomers. Hence, due to their. 
large size, polymers are classified as macromolecules. 
The term polymer covers a large diverse group of molecules, including substances 
from proteins to the high-strength Kevlar fibres (Scheme 1.1), which is claimed to be 
five times stronger than the same weight of steel. 
-Hel f) NH2 I + Cl 
H2N ~ 
Cl 
o 
Scheme 1.1 
Synthesis of polyparaphenyleneterephthalamide (Kevlar). 
The final character of the polymers is highly influenced by the differences 
between monomers, affecting important properties such as elasticity, solubility or 
conductivity. 
When a polymer is constituted by more than one different monomer, the polymer 
is known as copolymer (Scheme 1.2). 
1 
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Scheme 1.2 
Synthesis o/polyamide (nylon), a very successful copolymer. 
Polymers are often classified according to four main groups: 
i. Thennoplastics (linear or branched chains) are polymers which, under 
appropriate conditions of temperature and pressure, can be moulded. It melts 
to liquid when heated and freezes to a brittle, glassy state when it is cooled 
sufficiently. Thennoplastics have a greater stiffness and a lack of reversible 
elasticity. 
ii. Eiastomers, or rubbery materials with a loose cross-linked structure. 
Typically, about I in 100 molecules are cross-linked on average. When the 
average number of cross-links rises to about 1 in 30 the material becomes 
more rigid and brittle. Natural and synthetic rubbers are both common 
examples of elastomers. 
iii. Thennosetting plastics (cross-linked chains), are polymer materials that cure 
through the addition of energy to a stronger fonn. The energy may be in the 
fonn of heat, through a chemical reaction, or irradiation. Thennoset materials 
are nonnally a liquid, powder or a malleable substance prior to curing, so 
they can be moulded into their final fonn, or used as adhesives. The curing 
process transfonns the resin into a plastic or rubber by a cross-linking 
process. 
iv. Coordination polymer is a tenn given in inorganic chemistry to a metal 
coordinated compound, where a ligand links several metallic centres. Each 
metal centre binds to more than one ligand to create an infinite array of metal 
centres. The ligands are polyatomic molecules, such as cyanide or 
carboxylates. 
2 
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Complementary to the four polymer classification shown above, a new class of 
material appeared in the late 1970, when all carbon based polymer were rigidly 
regarded as mainly insulators. Polymers were proposed as a substitute of the classical 
semiconductor materialsl . 
Conjugated polymers have shown semi conducting properties2,3,4,s derived from 
having delocalized :n:-electron bonding along the polymer chain. The:lt (bonding) and 
:n:* (antibonding) orbitals form delocalized valence and conduction wavefunctions, 
which support mobile charge carriers. 
Associated with the semiconducting properties, electroluminescence from a 
polymer was first reported by J. Burroughes et al.6 in 1989. He was studying the 
electrical properties ofpoly(p-phenylene vinylene) (PPV) (1) when he noticed that a 
strip of PPV (1) (Figure 1.1) between two electrical contacts glowed green in the 
dark. Since then, many possibilities for these compounds including their application 
as matrix compounds for eIectroluminescent devices have been developed7, for use 
in televisions, mobile screens or light emitting devices in electronic machines. 
I 
Figure 1.1 
PPV (1) was the first electroluminescent organic compound reported in 1989 by J. 
Burroughes et al. 
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1.2 Conjugated Polymers 
The interest in these polymers lies in the novel properties and potential 
applications demonstrated by them. The neutral polymers can behave as semi-
conductors, exhibiting optoelectronic properties analogous to their typical inorganic 
counterparts (e.g. silicon, GaAs, etc.). These properties are easily varied and 
controlled by the main chain polymer structure. Redox chemistry, commonly called 
oxidative or reductive doping, allows conversion of the neutral conjugated polymers 
into their charged, or doped, forms. There is a concomitant increase in the electronic 
conductivity; in some cases reaching values comparable to true metals. In addition, 
this redox doping process is reversible, allowing the polymers to be repeatedly 
switched between their neutral and charged states. This leads to the modification of 
many properties including conductivity, electromagnetic absorption, luminescence, 
paramagnetism, ion content and volume. 
Numerous applications have been demonstrated and proposed for conjugated 
polymers. Some of the present and potential commercial applications of these 
systems are listed belowl . 
~ Storage batteries I supercapacitors I electrolytic capacitors I fuel cells 
~ Sensors I Biosensors I Chemical Sensors 
~ Ion-specific membranes 
~ Ion supply I exchange devices I Drug and biomolecule release 
~ Electrochromic displays I Electromagnetic shutters 
~ Corrosion protection 
~ Transparent conductors 
~ Mechanical actuators I Artificial muscles 
~ Gas separation membranes 
~ Conductive Thermoplastics 
~ Microwave weldable plastics 
~ EMI shielding 
~ Aerospace applications I Microwave absorption I transmission 
4 
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~ Conductive textiles 
~ Anti -static films and fibres / Photocopy machines 
~ Conductor / insulator shields 
~ Neutron detection 
~ Photoconductive switching 
~ Conductive adhesives and inks 
~ Electronics / Conductor feedthroughs 
~ Non-linear optics 
~ Electroluminescence 
~ Electronic devices 
The history of conjugated conducting organic polymers began in 1977, when 
Shirakawa discovered that polyacetylene (2) (Figure 1.2) can reach extremely high 
electrical conductivities8 when exposed to halogen vapours. Since then, the field of 
conjugated polymers has grown enormously. The importance reached by these new 
polymers, which are often referred to as synthetic metals, was corroborated when 
Shirakawa, Heeger, and MacDiarmid were awarded with the Nobel Prize for 
Chemistry in 2000. 
2 
n 
Figure 1.2 
Polyacetylene (2) has been reported as the first highly electrically conducting 
polymer in the oXidised/orm8• 
5 
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1.2.1 Conducting Polymers 
When films of the semi conducting polymer trans-polyacetylene (2) (Figure 1.2) 
were exposed to halogen vapours such as chlorine, bromine or iodine, the 
conductivity increased markedly (over seven orders of magnitude in the case of 
iodine) to give high conductivity films of polymer at room temperature. The grade of 
the conductivity depended on the extent of doping8• Since this discovery, the 
attention over conducting polymers has grown exponentially and many has been the 
polymer studied, examples include: polyanilines, polypyrroles, polythiophenes, 
polyphenylenes and poly(p-phenylene vinylene )S3, all of them with conductivities 
comparable to traditional conducting materials (Figure 1.3). 
Conductivity (S cm-I) 
10 
Figure 1.3 
Copper metal 
Polyacetylene (doped with AsF3) 
Polyacetylene (doped with I2) 
Liquid mercury 
,Poly(p-phenylene) (doped with AsF3) 
Polypyrrole (doped with I2) 
Polyaniline (emeraldine) 
Logarithmic conductivity ladder of some conducting polymers and metals9• 
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Structurally, conducting polymers share a common extended It-system given by a 
rigid sp2 carbon-based backbone and by an extended conjugation of double bonds. 
According to Molecular Orbital Theory, a It-system (Figure 1.4) is created by 
overlapping individual pz atomic orbitals giving a series of It and It* molecular 
orbitals. Separation between the last molecular orbital populated with electrons 
(HOMO) and the first empty molecular orbital (LUMO) is known as band gap, and it 
is by itself responsible for many electrophysical properties of conducting polymers 
such as electronic conductivitylO or luminescencell . 
Figure 1.4 
The It-system model ojpolyacetylene (2). 
In extended conjugated polymers, all the molecular orbitals are so close in energy 
that they are indistinguishable (see polyacetylene, Figure 1.5), unlike conjugated 
organic molecules that are associated with discreet molecular orbitals and energies 
(Figure 1.5). The electrical properties of any material are a result of the electronic 
material structure. If the extended conjugated systems have an extended molecular 
orbital overlap, then their properties can be partially explained by band theory. With 
such an approach, the bands and their electronic population are the chief 
determinants of whether or not a material is conductive. Here, materials are classified 
as one of three types shown in Figure 1.7, being metals, semiconductors, or 
insulators. Metals are materials that possess partially filled bands, and this 
characteristic is the key factor leading to the conductive nature of this class of 
materials. Semiconductors, on the other hand, have filled (valence bands) and 
unfilled (conduction bands) bands, which are separated by a range of forbidden 
energies or band gap. The conduction band can be populated, at the expense of the 
valence band, by exciting electrons (thermally and/or photochemically) across this 
band gap. Insulators possess a band structure similar to semiconductors except here 
7 
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the band gap is much larger and inaccessible under the environmental conditions 
employed. 
Ethylene Butadiene Octatetraene Polyacetylene 
- ~ ~ ~ n 
2 
0 - ,,*(LUMO) ,,* (LUMO) £l ,,* (LUMO) ,,*(LUMO) 
.. 
"(HOMO) 
" I ~ ,,(HOMO) - ,,(HOMO) "(HOMO) 
Figure 1.5 
Molecular Orbital diagram1• 
For electrical conductivity to occur, an electron must have a vacant place (a hole) 
to move to and occupy. When bands are completely filled or empty, conduction can 
not occur. Metals are highly conductive because they possess unfilled bands. 
Semiconductors possess an energy gap small enough that thermal excitation of 
electrons from the valence to the conduction bands is sufficient for conductivity; 
however, the band gap in insulators is often too large for thermal excitation of an 
electron across the band gap. 
In order to study the conductivity in polyacetylene (2), we need first to consider 
the one dimensional nature of the polyacetylene chain, which leaves it susceptible to 
an instability that forces the polymer to retain its strict, alternating series of long and 
short bonds. This instability, known as "Peierl's distortion,,12 is very common among 
molecular solids and is produced because a uniform one dimensional chain can often 
lower its energy by doubling its period. Either the neighbouring atoms alternately get 
slightly closer and further apart or they can get displaced (in a symmetric or 
asymmetric way) forming a chain of buckled dimers. On a surface buckling can 
happen both in and out of the plane. The resulting chain with the doubled period is 
8 
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not one dimensional anymore, since all atoms are not longer identical (there are two 
distinctly different types after dimerization)12 (Figure 1.6). 
ID Atomic Chain Peierls Distortion 
a) 
b) 
Figure 1.6 
One dimensional chain can decrease its total energy, doubling the periodicity as 
shown in case a) or in case b) which can be in and out a/the plane. 
Considering the p electrons of polyacetylene (2), we would expect a half filled 
band and result in the polymer being metallic in nature without the presence of band 
gap. However, the one dimensional nature of the polyacetylene chain, the consequent 
"Peierl's distortion" and its decreasing energy lead to the system undergoing a metal 
to insulator or semiconductor transition, opening a gap in the conduction band at the 
Fermi level. In fact, structural studies of polyacetylene (2) have shown the polymer 
to possess a localized backbone consisting of alternating long and short bondsl3. This 
is in stark contrast to aromatic molecules, such as benzene, where the bonds are 
completely delocalized. 
The Peierl's distortion contributes to the fact that most conjugated polymers in 
their neutral state are insulators or, at best, weak semiconductors. Hence, there is 
enough of an energy separation between the conduction and valence bands that 
thermal energy alone is· insufficient to excite electrons across the band gap (Figure 
1.7). 
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Metal Semiconductor 
Figure 1.7 
-------------- ---------
Insulator 
Conducting Band 
(unfilled) 
Valence Band 
(filled) 
Introduction 
Metal, Semiconductor and Insulator with their correspondent filled and unfilled 
bands and their band gapsl. 
1.2.1.1 Electrical Conductivity 
The diffuse electronic nature of the extended It-system allows the electronic 
removal from, or injection, into the polymer. This process known as "doping" has 
been used to describe the oxidation as p-doping (positive doping) or reduction as n-
doping (negative doping) of the polymer with the aim of improving the electrical 
conductivities of the material. 
Polyacetylene (2) differs from the rest of the conjugated polymers when 
considering its neutral and doped forms. Polyacetylene (2) possesses two degenerate 
neutral forms, which are structurally and energetically identical. Two successive 
oxidations on one chain could yield two consecutive cations that, upon radical 
coupling, become non-associated charges termed positive "solitons,,1 (Scheme 1.3). 
10 
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-e- • 
~ ~ .. ~ 
n + n 
Radical cation 
~ -e-
+ + • 
~ .. ... 
+ • + n n 
Two independent solitons 
Scheme 1.3 
Solitons formation for polyacetylene (2) after two consecutive oxidations and 
radical coupling. 
Polyaromatic polymers such as poly(p-phenylene), polypyrrole or polythiophene 
(3) differ from polyacetylene (2) by their non-degenerate ground state (Scheme 1.4). 
Hence, the two limiting mesomeric forms, aromatic and quinoids are not 
energetically equivalent. In most cases the quinoid form has a smaller band gap14, 
due to the quinoid structure being in a higher energy level. 
~~ ...... 
Scheme 1.4 
Structure of poly thiophene (3) and its change from aromatic (top) to quinoid form 
(bottom). 
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The oxidation of conducting polymers is believed to result in the destabilisation 
with the consequent raising of energy of the orbital from which the electron is 
removed. The energy of the orbital is increased and can be found in the energy of the 
band gap. Initially, if only one electron per level is removed a radical cation is 
formed and is known as a "polaron". Further oxidation removes another electron 
yielding dicationic species termed a "bipolaron". High dopant concentrations create a 
bipolaron-rich material and eventually lead to band formation of bipolaron levels, 
with an increase of conductivity. Studies have shown that both, the neutral and 
heavily doped conducting pol~ers possess no net spin, interpreted as no unpaired 
electrons, while moderately doped materials were discovered to be paramagnetic in 
nature, being the most heavily doped materials the most conductive. 
Once the bipolaron is formed in polyaromatic polymers, contrary to the 
independent charges of polyacetylene, the bipolaron unit remains intact and the 
entire entity propagates along the polymer chain with the structural deformation of 
these rings into a quinoid form. In the case of unsubstituted polythiophene (3), the 
bipolaron unit is believed to spread over six to eight rings (Scheme 1.5). 
Scheme 1.5 
Bipolaron unit created over three thiophene rings and propagating along the 
poly thiophene chain. 
It is generally agreed'S that the mechanism of conductivity in these polymers is 
based on the motion of charged defects within the conjugated framework. Hence, 
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higher doped materials are richer in bipolarons and possess higher conductivity 
(Figure 1.8). Despite the coulombic repulsion of the two ions, one bipolaron is more 
stable than two polarons. Since the defect is simply a boundary between two moieties 
of equal energy, the infinite conjugation chain on either side allows the bipolaron to 
migrate in either direction without affecting the energy of the backbone, provided 
that there is no significant energy barrier to the process. It is this charge carrier 
mobility that leads to the high conductivity of these polymers. 
Neutral 
Polymer 
Figure 1.8 
Polaron 
Levels 
Lightly Doped 
Polymer 
Bipolaron 
Bands 
Heavily Doped 
Polymer 
Polaran levels and bipolaron bands for lightly and heavily respectively doped 
polymersl. 
The conductivity (0) of a conducting polymer is related to the number of charge 
carriers (n) and their mobility (Il), as shown in Equation 1.1: 
(Ya np. 
Equation 1.1 
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The process described explained the processes in the context of p-doped carriers 
although these concepts are equally applicable to n-doped carriers, with a very 
narrow band gap!6. When an electron is added to a non-degenerate ground state 
conjugated polymer a polaron is fonned. At higher doping rates, the following 
polarons fonned couple with existing polarons creating bipolarons. 
1.2.2 Electroluminescent Polymers 
Molecules can be excited by absorption of photons, by dipole-dipole interactions 
with neighbouring molecules, or by injecting electrical charges. Light emission from 
the molecules can occur when an exciton radiatively recombines. An exciton is a 
bound state of an electron and a hole, leading to a zero net charge. If the emission is 
caused by absorption of photons, the process is referred to as photoluminescence; 
emission caused by charge injection is called electroluminescence. 
The electroluminescence is a non-thennal generation of light resulting from the 
application of an electric field to a substrate. Electroluminescence has been seen in a 
wide range of semiconductors. This property was first discovered for inorganic 
materials in 1936, when Destriau observed high field electroluminescence from ZnS 
phosphor powder dispersed in an isolator and sandwiched between two electrodes!'. 
The first reported case of electroluminescence from organic materials was announced 
in 1965 by W. Helfrich, who passed an electric current through anthracene at high 
voltages resulting in a glowing blue samples. These early studies established that the 
process responsible for electroluminescence requires injection of electrons from one 
electrode and holes from the other, the capture of oppositely charged carriers 
(recombination) and radiative decay of the excited, and neutral electron-hole state 
(exciton) produced by the recombination process. The first light emitting diode based 
on a conjugated polymer was reported by J. H. Burroughes et al. at Cavendish 
Laboratory of Cambridge in 19906 using poly(p-phenylene vinylene), or PPV (1), as 
the single semiconductor layer between metallic electrodes (Figure 1.9). In this 
structure, the ITO (indium-tin oxide) layer works as a transparent electrode, which at 
the same time allows the generated green-yellow light to leave the device. 
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Electropositive metals with low work functions such as AI, Ca or Mg are used as 
cathode in order to guarantee efficient electron injection. 
indium-tin oxide 
r--_aluminium, magenesium ! orcalcium 
.-J ............. II::;---""']..L - cathode 
I poly(p-phenylene vinylene) I ,-
+ anode 
glass substrate 
Figure 1.9 
Schematic representation of a single layer organic polymer electroluminescent 
diode (OLED). 
Shortly afterwards, in 1991, Heeger at the University of California, Santa Barbara 
reported the electroluminescent application of a soluble derivation of PPV (poly[2-
methoxy-5-(2'-ethylhexyloxy)-1,4-phenylene vinylene])IS. In the last decade, other 
conjugated polymers and copolymers have been use for electroluminescent 
applications, including polythiophenesI9.20,21 and polyfluorenes22.23.24.25 derivatives. 
1.2.2.1 Electroluminescent Concepts 
Charge carrier recombination is a bimolecular reaction between an electron and a 
positive charge. Electrons enter the system at the cathode and migrate towards the 
anode under application of an external electric field. During the migration, the 
electron can encounter a positively charged electronic hole coming from the anode 
and recombine forming an excited state6,7 (Figure 1.10) or the electron can 
transverse through the entire sample and discharge at the anode. The region where 
the electron and the hole meet is referred to as the recombination zone. Hence, for 
high efficiency of recombination levels, electrons and holes have to be injected at the 
same time and one of the charges has to have low mobility. Recombination will 
create a high local charge density. Excitons in conjugated polymers are higher 
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localised than exciton in three dimensional compounds. The two -11, spin coming 
from the electronic charges combine to create the new neutral state, the exciton. The 
new excited electronic state can have different spin multiplicities according to the 
spin of each electron of the new pair. The spin-symmetric excitons with total spin of 
S = 1, have a muhiplicity of three and are known as triplets. Spin-antisymmetric 
excitons (S = 0) have a multiplicity of one and are known as singlets. Assuming that 
the recombination process is spin-independent, excitons are formed in a 3:1 ratio of 
triplet to singlet state7, but because the ground spin is also spin-antisymmetric only 
relaxation of singlet excitons occur and generate the emission of light through 
fluorescence26• We expect to lose 75 % of the electron-hole pair as triplet excitons27, 
which do not decay radiatively with high efficiency. Hence, under the spin-
independent process, the maximum possible internal quantum efficiency, 'lint is 25 %. 
However, recent reports indicate that 'lint in organic light devices ranges between 22 
% and 83 %27,28. The exact value of 'lint and the reason for this variation remain 
controversial and even the notion that 'lint can be larger than 25 % is currently not 
universally accepted. 
e Cathode 
~ 
Figure 1.10 
~ 
radical 
anion 
singlet 
excited state 
hv 
radical 
cation 
AnodeG:) 
Electrons are injected into the LUMO (to form radical anions) and holes into the 
HOMO (to form radical cations). The resulting charges migrate from polymer 
chain to polymer chain under the influence of the applied electric flehP. 
Fluorescence is the radiative decay of excitons from the excited singlet state to the 
singlet ground state emitting light. The colour of the light emitted during this process 
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is determined by the band gap of the exciton. Triplet excitons do not produce light 
efficiently, but when this emission occurs is known as phosphorescence (Figure 
1.11). 
Recently, phosphorescent materials have been investigated for use in OLEDs. It 
has been demonstrated that by choosing a material with a high yield of short lifetime 
phosphorescence, the triplet emission can be employed for making very efficient 
organic LED (light emitted diode) devices30•31 • Fortunately, although the decay of a 
triplet state is disallowed by the conservation of spin symmetry, it is observed that if 
the triplet state is perturbed, the transition becomes weakly allowed. But efficient 
phosphorescence is rare at room temperature, and attempting to find a material that 
also readily transports charge is a challenging task. Also, very few materials release 
light efficiently in homogenous films due to the quenching of emission by 
surrounding molecules. The solution to these demands on OLED materials is found 
by doping the luminescent material into a charge transport host material32• The 
phosphorescence can be produced by triplet exciton formation in the luminescent 
material or by triplet exciton formation and transfer to a luminescent guest material30• 
c 
b 
a d 
Figure 1.11 
Solid arrows represent radiative processes, corresponding to absorption or 
emission o/light. a) fluorescence, b) intersystem crossing, c) photoinduced triplet-
triplet absorption, d) phosphorescence. Dashed lines denote non-radiative 
processes. So is the non-excited singlet state, SI is the flrst excited singlet, TI the 
first excited triplet and Tj and Tn are higher triplet states. 
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The Universal Display Corporation has already commercialised devices using 
phosphorescence OLED technology under the name "PHOLED". Using also 
phosphorescence and fluorescence, they are able to convert up to 100 % of the 
electrical energy in an OLED into light. This is in contrast to traditional fluorescent 
OLED technology, where approximately 25 % of the electrical energy is converted 
into light, and to liquid crystal displays (LCDs) where as much as 90 % of the light 
from the backlight is reduced by the colour filter array. 
The internal electroluminescence quantum efficiency, r,int of an organic Iight-
emitting diode (the ratio of the number of photons emitted per electrons injected) can 
be calculated from the measured external electroluminescent quantum efficiency, r,ext 
(Equation 1.2). Due to refraction all photons emitted cannot be perceived by an 
external observer. External efficiencies r,ext are accordingly diminished by the factor 
of2n2 (n = refractive index of the organic layer) with respect to r,inF. 
2 
'f/ int = 2n 'f/ ext 
Equation 1.2 
Power efficiencies r,pow (Equation 1.3) are the ratio of output light power to input 
electric power, and can be determined from r,ext using the known values of the 
applied voltage U and the average energy of the emitted photons Ep17. 
Equation 1.3 
Luminous efficiencies r,'um (Equation 1.4) are determined by multiplication of 
r,pow by the eye sensitivity curve S, as defined by the Comission Internationale de 
L'Eclairage (CIE). This function pays regard to the fact that the human eye possesses 
distinct sensitivities with respect to different colours17• 
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1'/lum = 1'/powS 
Equation 1.4 
Very often the brightness of electroluminescent devices is measured in candelas 
per square metre (cd m-2), which is used by several authors to estimate the efficiency 
of their devices_ But brightness, or light intensity is related to the wavelength 
sensitivity of the human eye (Figure 1.12). The human eye is more sensitive to the 
yellow-green part of the spectrum, so for a red emitter device, the number of 
electronic transitions must be significantly greater in the same time interval than a 
green emitter device in order to be perceived at the same brightness level. 
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Figure 1.12 
CIE, standard eye sensitivity /unction19• 
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1.2.2.2 Electroluminescent Devices 
Single layer Organic Light Emitting Diodes (OLED) 
The structure of a single layer polymer light emissive device is extremely simple: 
A polymer film is sandwiched between two electrodes. Applying an electric field 
across the polymer film will eventually produce the injection of charges into the film. 
The choice of the material of the electrodes is very importanf3,34,3s because anode 
and cathode have to match respectively with the HOMO and LUMO of the 
electroactive compound (Figure 1.13). 
Figure 1.13 
A········· ~ e -
EXCITON 
RECOMBINATION 
Metal 
(cathode) 
Schematic energy level diagram for an ITO/Polymer/Metal LED. 
As described earlier, one of the electrodes must be transparent in order to let the 
light generated out. Normally, the transparent electrode is the anode and the material 
employed is ITO (indium-tin oxide). This material has a reasonably high work 
fuction (4.5 to 5 eV)19. Indium oxide (In203) is by itself a semiconductor, so it is 
doped with Sn02 to modify the conductivity in a molar ratio 10: I approximately. 
Due to ITO is a non-stoichiometric material, the final properties depend on the 
method of preparation and amounts employed3s. PolyaniIine (PANi), a long known 
conducting polymer, is an alternative substituent to ITO, for devices where the 
maximum of emission coincides with the optical window of P ANi in the orange-red 
20 
Chapter J Introduction 
part of the spectrum, so it is deeply coloured. Using acid doped PANi on ITO 
reduces the drive voltage of the device and increases the device efficiency by a factor 
of 30 %29. Substitution of ITO by PANi-coated poly(ethylene terephthalate) (PET) 
enables the manufacture of flexible electroluminescent devices 
Metals used as cathodes, should have low work functions, such as AI, Ca, Mg, or 
In (Table 1.1). The problem with these metals is that they tend to react with the 
environment. So, in order to improve this inconvenience, alloys with other more 
stable metals are employed, such as silver or aluminium19,33,34. Organic compounds 
in general and conjugated polymers in particular tend to have low electron affinities, 
so the electronic injection is more difficult than hole injection. 
Element Ionization potential! eV Preferred work function! eV 
Cs 3.89 2.14 
K 4.34 2.30 
Ba 5.21 2.70 
Na 5.14 2.75 
Ca 6.11 2.87 
Li , 5.39 2.90 
Mg 7.65 3.66 
In 5.79 4.12 
Ag 7.58 4.26 
AI 5.99 4.28 
Nb 6.88 4.30 
Cr 6.77 4.50 
Cu 7.73 4.65 
Si 8.15 4.85 
Au 9.23 5.10 
Table 1.1 
Electronic properties o/typical electrode metals19• 
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Preparation of the sandwiched polymer film has two different parts clearly 
differentiated. Deposition of the polymer film over the ITO anode is carried out 
under spin-coating method. The polymer is deposited in solution over a layer oflTO 
and dried under vacuum spinning36• The fmal thickness of the polymer film depends 
of the initial concentration of the polymer solution and the speed of the spinning. 
Normally, the resulting polymer layer is about 100 nm thick. The cathode is coupled 
to the polymer film by thermal evaporation, always upon essentially oxygen free 
atmosphere. The absence of oxygen increases LED yield, lifetime and luminescence 
(Figure 1.14). 
cathode -------... 
organic layer • 
+ 
anode (ITO) - / '------f--f--'.--------' 
substrate (glass)/" 
hv 
Figure 1.14 
Schematic configuration of a single layer OLED. 
The most typically used polymer for single layer OLED is PPV (1). PPV is a 
bright yellow fluorescent polymer. Its maxima emission is at 551 nm (2.25 eV) and 
520 nm (2.40 eVi9, which are in the yellow-green part of the visible spectrum. 
The PPV (1) films can be generated by other different methods to the recently 
explained spin-coating, such as self assembling layer-by-Iayer, Langmuir-B1odgett 
techniques, or chemical vapour deposition (CVD) in combination with ROMP (ring 
opening metathesis polymerisationF.29• The spin-coating method is still highly 
desirable as it yields high quality trangparent thin films. The problem begins with the 
direct synthesis of PP V (1) from the monomer, which produces an insoluble material 
that can not be easily processed. To resolve this inconvenience, soluble precursor 
were applied, as the water-soluble sulfonium precursor, which was developed by 
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Wessling and Zimmennann29,36 in 1968 (Scheme 1.6). The sulfonium precursor is 
spincast over the film and converted to PPV (1) under thennal treatment. 
CIH'C~CH,CI Q ~ MeOH,6S"C 
1 
Scheme 1.6 
Synthesis of PP V (1), based on the sulfonium precursor salr9• 
The introduction of substituents into the PPV (1) skeleton, allows on one hand the 
modification of the electronic properties, such as band gap, electron affinity, 
ionisation potential, and physical properties, such as the emitting light colour, but on 
the another hand substituents can increase the solubility of the polymer in common 
organic solvents. A new soluble derivative of PPV (1), (poly[2-methoxy-5-(2'-
ethylhexyloxy)-1,4-phenylene vinylene]) (MEH-PPV) (4) (Figure 1.15) was 
developed by Heeger and Braun. Based on this new soluble compound, new single 
layer device with a configuration (ITOIMEH-PPV ICa) was created, generating a red-
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orange emission light, with an external efficiency, I/ex/ of 1 %, which was the double 
that the initial PPV (1) device. 
o OR 
MeO x 
MEH-PPV R = C6Hn CgHI7 
X = OR, Br. Cl. CF, 
CN-PPV 
4 5a 6a 
Figure 1.15 
Some a/the PPV derivatives. 
Similar compounds to MEH-PPV (4) have been prepared via Wittig or Heck type 
reactions. Substitution on the alkoxy chain increases the solubility of the final 
polymer in solvents like chloroform or THF. Also, long side chains make that the 
polymer chains were more separate each other in the film, so the non-emissive 
relaxation sites decrease with the increase of the electronic efficiency in the device. 
This effect is enormously advantageous for the generation of fluorescence and 
phosphorescence. As previously mentioned, incorporation of a polyaniline (P ANi) 
layer between ITO surface and the polymer makes the electroactive polymer 
increases the efficiency of the device enormously, as in the device: 
(ITOIPANilMEH-PPv/Ca). New PPV derivatives such as CN-PPV (6a), were 
created by Friend and Holmes in 199337, They attached electron withdrawing groups 
with effect of a higher electron affinity of the polymer and a bright red fluorescent 
light (see 6a, Figure 1.15). 
Two layer and multi layer Organic Light Emitting Diodes (OLED) 
With the purpose of providing balanced charge injection and to improve the low 
efficiency of the single layer device, two layer OLED was constructed. Double layer 
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devices were initially created and reported by Tang and Van Slyke in 198738• The 
basic structure of a double layer OLEO is the consecutive deposition of two layers of 
different polymers onto an ITO electrode. The same basic principles of a single layer 
OLEO applies to a two layer OLEO, including the injection of electrons from the 
cathode and injection of holes from the anode. The electrons move through the 
electron transport layer (ETL), while the holes move through the hole-transport layer 
(HTL), until the capture of the oppositely charged carriers or recombination at the 
heterojunction, followed by the radiative decay of the exciton formed (Figure 1.16). 
Figure 1.16 
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LUMO 
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HOMO 
Metal 
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Energetic level diagram of a two layer ITOllf['UETUMelal LED 
The double layer configuration (Figure 1.17) allows better control of electron and 
hole injection rates by creating barriers for the charge transport at the heterojunction 
between the two polymer layers. 
Cathodes and anode are the same as explained for single layer OLEO. As a 
cathode, metals with a Iow work function (Table 1.1) are employed in order to 
achieve good transfer of electrons into the LUMO of the ETL. As anode, ITO is 
widely used due to its good transmittance. 
In order to reach a high performance, the organic layer should accomplish certain 
requirements. The hole transport layer (HTL) should have a high hole mobility. Its 
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energetic level of the highest occupied molecular orbital (HOMO) has to be 
relatively high to reduce the energy barrier to hole injection. Besides, the lITL 
should hinder electrons coming from the cathode to reach the anode. The properties 
of the electron transport layer (ETL) should be complementary to those of the lITL, 
low unoccupied molecular orbital (LUMO) level and high electron mobility. The 
anode should have a high work function to ease the hole injection into the HOMO of 
the lITL. Additionally, in order to improve the light emission efficiency of the 
device, some OLED have an extra layer in the heterojunction called the emissive 
layer (EL). For the emissive layer, the HOMO and LUMO should allow hole and 
electron to be injected from neighbouring layers. 
cathode _____ 
ETLI E ___ ----... 
anOde~~~)::~~~~~~~~~~~~lI-1~~J 
substrate (glass) 
hv 
Figure 1.17 
Schematic configuration of a two-layer OLED. ETVEL = electron 
transporting/emitting layer. HTL = hole transporting layer. 
A way of raising device efficiency can be using an extra layer that allows control 
of the charge transport. This multilayer system consists of a layer of an oxadiazole 
compound (7) (Figure 1.18), known as electron-conductinglhole-blocking (ECHB), 
just between the cathode and the ETL. The function of this additional layer is to 
promote the pass of electrons from the cathode to the ETL, which has as the rest of 
the conjugated polymers, low electron affinity. On the other hand, ECHB layer, has 
the function of, as its name shows, blocking the migration of the charged holes 
toward the cathode without recombination, increasing the efficiency of the device. 
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Figure 1.18 
Example of an oxadiazole compound (7) used as ECHB. 
Multilayer polymer devices can be constructed with more than one 
electroluminescent polymer layered consecutively one on top of the other. For 
having electroluminescent in more than one layer, differences in the band gap must 
be small. Spin coating is also often used to coat the different layers. In the coating 
processes is important to control the solubility of the different polymers, together 
with the solvent employed in order to avoid any dissolution of the previously 
deposited polymers. The first example of a multilayer device was ITOIMEH-
PPVIPPV/Copolymer based on PPV (8)/Ca29 (Figure 1.19). After the consecutive 
deposition of the polymer layers and setting the electrodes, the device emitted orange 
light with the emission spectrum ranging from 800 nm (1.55 eV) to 490 nm (2.50 
eV). It was then concluded, that the emissions come from the red light emitter MEH-
PPV (4), and from PPV (1), which shows yellow-green electroluminescence. 
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Figure 1.19 
Copolymer based on PPV (8) used for ITO/MEH-PPV/PPV/Copolymer base on 
PPV (8)/Ca device. 
The combination of several polymer films in an OLED with emission of light at 
different wavelength, can allow in principle, the consecution of the desirable white 
emitted light. In this contest, electrophosphorescent white, 0 LED have been reported 
to exhibit high quantum (5 - 12 %) and luminous power efficiencies39,4o. To achieve 
the white light, the emitted light was a composition of blue, green and red 
phosphorescent light. However, blue electrophosphorescent devices have exhibited 
short operationallifetimes41 that limit the colour stability of all white PHOLED. In 
April 2006, a new multilayer white OLED was reported, in which a blue fluorescent 
dopant was combined with red and green phosphorescent dopants41. The new device 
presented stable colour balance, long lifetime and high power efficiencies, since the 
device utilised single and triplet excitons. This new device offers an interesting 
alternative to the low efficient and high manufacturing cost of the traditional 
incandescent lamps. 
A very useful polymer used in multilayer devices as an electronic transport 
material is CN-PPV (6a) (Figure 1.15), Cyano substituent, as the other electron-
withdrawing groups, lowers the HOMO and LUMO of the polymer and increases the 
electron affinity of the polymer. The HOMO-LUMO gap ofCN-PPV (6a) is 590 mn, 
2,1 eV. A single layer device of the polymer, sandwiched between ITO as an anode, 
and calcium as well as a aluminium cathodes, can reach 0.2 % of internal efficiency, 
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emitting red fluorescent light. Hence, the device efficiency is now controlled by the 
hole injection into the anode. In contrast, 4 % of internal efficiency is obtained, 
utilising CN-PPV (6a) in conjunction with a hole transport layer, such as PPV (1), in 
the double layer device ITOIPPV/CN-PPV/cathode, emitting light at 710 urn. 
Blends of polymers and copolymers have also shown as weII high 
electroluminescent efficiencies42• Blue emission (490 urn, 2.6 eV) from the 
alternating copolymer 9 (Figure 1.20), was enhanced by mixing it with the soluble 
poly(p-phenylene) (PPP) (10) in a ratio 1:9 for the polymers 9 and 10. Higher 
external quantum efficiency (1.9 %) was produced with a peak of emission at 474 
urn. A single layer device of PPP (10) between ITO and Ca electrodes emits two 
peaks at 400 and 460 urn 43. 
9 
Figure 1.20 
Monomers used in a very successful copolymer. 
poJy(p-phenyJene) (PPP) 
10 
There are a very large variety of polymers used as ETL and HTL, some of them 
are summarised below in Figure 1.21. Copolymers have been widely developed 
because they allow colour tuning and can show improved luminescence, such as 
copolymer formed by units 11, 12, and 5b (Figure 1.21). Other polymers such as the 
cyano-derivatives of PP V (6b and 6c) increase the electron affinities and are used as 
electron transport material. Poly( dialkylfluorene)s (13) show high luminescence 
efficiencies. Doped polymers such as poly(3,4-ethylene dioxythiophene), PEDOT 
(14) doped with polystyrenesulphonic acid, PSS (15), are widely used as hole 
injection layers7. 
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Some of the copolymers developed that allow colour tuning and improved 
luminescence. 
Table 1.2 shows the best current results for green electroluminescent materials, 
which have been developed at Cambridge Display Technologies (CDT). These 
materials have been tested in a double layer device based on PPV (1), prepared over 
a polyelectrolyte precursor copolymer as the emissive layer9. 
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Polymer Color (I..max I nm) Efficiency I % 
MEH-PPV(4) red-orange (6lO) 2-4 
CN-PPV(6) red (710) 0.87 
MEH-CN-PPV red-orange (600) 5.0 
Poly thiophene (3) red (622) 3.85 x lO .. * 
PPV (1) green (550) 0.3 
DMOS-PPV green (500) 0.1* 
BUEH-PPV green (554) 3.2 
BDOH-PF blue-green (450) 0.3* 
PPP (10) blue (459) O.oI* 
Blend 9IPPP blue (400-490) 2 
DO-PPP blue (440) 3 
m-LPPP blue-green (491) 0.1* 
Table 1.229 
MEH-CN-P PV: poly[2-(2 '-ethylhexyloxy)-5-methoxy-l, 4-phenylene-(1-cyano 
vinylene)J; DMOS-PPV: poly[2-(dimethyloctylsilyl)-1,4-phenylene vinyleneJ; 
BUEH-PPV: poly[2-(2 '-ethylhexyl)-5-butyl-l,4-phenylene vinyleneJ; BDOH-PF: 
poly[9, 9-bis[methoxyethoxyethyl)fluoreneJ; DO-PP P: poly(2-decyloxy-l,4-
phenylene); m-LPPP: ladder-type poly(p-phenylene), 
* Signifies single layer device. 
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1.2.3 Polymer Liquid Crystals 
Parallel to the development of conducting and electroluminescent polymers, some 
polymers, such polypyrrole, polythiophenes (3) or polyanilines have shown liquid 
crystal properties44,4s. Polymer liquid crystals are a class of materials that combine 
some of the properties of crystalline and liquid states, This intermediate phase46,47 
(also known as the mesophase) can be reached by two different methods and the 
liquid crystals obtained divided in two different classes: 
i. Thermotropic, in which the liquid crystal behaviour can be reached by 
monotropic heating or cooling from liquid melt. 
ii. Lyotropic, when the liquid crystalline properties appear in solution. 
Molecules, that have a tendency to form liquid crystalline phases usually, have a 
long rigid group that could be aromatic or cycloaliphatic units connected by rigid 
links. The liquid crystal properties of a material are generally inherited from the 
anisotropy shape of functional groups (or structural units) within the material. These 
functional groups are known as mesogens. The simplest liquid crystal phase results 
from weak interactions between mesogenic groups that give rise to orientational 
order (the anisotropy is aligned) but with no positional symmetry (there is no 
positional order). The placement of the mesogens plays a large role in determining 
the type of polymer liquid crystal formed. Main chain polymer liquid crystals are 
formed when the mesogens are themselves part of the main chain of a polymer 
(Figure 1.22). On the other hand, side chain polymer liquid crystals are formed when 
the mesogens are connected as side chain pendants to the polymer by a flexible 
spacer, for example like N-substituted polypyrroles44• 
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Different structural positions for mesogenic groups inside a Polymer Liquid 
Crystal. 
There are three classifications of me sop ha se states48: 
i. Nematic state: It is the simplest of all mesophases and is characterized by 
long-range orientational ordering of the mesogenic groups. The common 
direction in which these groups align is known as the director. There is, 
however, no positional relation between adjacent molecules and no lattice 
order. The centers of gravity of the mesogenic groups are not confined in 
layers, but are distributed randomly in the phase. 
ii. Smectic state: It is more ordered than the nematic phase. Here there is 
ordering in which the mesogens are arranged in regular nematic layers. The 
lateral forces between the molecules in the smectic phases are stronger than 
the forces between the layers, and so slippage of one layer over another 
provides the characteristic fluidity of the system without losing the order 
within each layer. At least twelve different smectic phases have been 
identified and characterised. 
iii. Chiral Nematic: It is typically composed of nematic mesogenic molecules 
containing a chiral centre which produces intermolecular forces that favour 
alignment between molecules at a slight angle to one another. This results in 
a helical arrangement of the directors in three dimensional space. 
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Polymer liquid crystals have a wide range of applications49 ranging from high 
strength materials to make protective head gear of bullet-proof vests, to active 
components in optical devices. The use of polymer liquid crystals in the display 
industry has spawned an exciting area of research although at this time, polymer 
liquid crystals demonstrate relatively slow "response times" to electric fields limiting 
practical device perfonnance. In addition, side chain polymer liquid crystals exhibit 
good properties for applications in optically non-linear devices including optical 
waveguides and electro-optic modulators in poled polymeric slab waveguides49• 
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1.3 Polymerisation Methods 
The synthesis of narrow band gap conjugated polymers has been a focus of 
considerable interest, motivated by their large number of applications, such as 
electroluminescent devices. 
Various routes have been developed to synthesise low band gap polymers with 
increased quinoid character in the conjugated backbonel4,5o, alternating electron 
releasing and electron withdrawing groups or rigid clamping of the backbonel6• The 
methodology to achieve the polymerisation is quite diverse, and sometimes has been 
classified in four main categoriesl : 
i. Electrochemical synthesis. 
ii. Oxidative polymerisation. 
iii. Ring-opening metathesis. 
iv. Transition metal catalysed coupling polymerisations. 
1.3.1 Electrochemical Synthesis 
The development of the electropolymerisation technique to yield conducting 
polymers opened new avenues in this research field. This technique has the 
advantage of being able to prepare thin films of insoluble and infusible conjugated 
polymers. PolypyrroleSl , polythiophenel6,52,53(3), polyaniline54 and polyfluorene54 
and its derivatives have been successfully prepared by this method. 
1.3.1.1 Electrochemistry Overview 
Voltammetry can be defined as a group of electrochemical techniques in which a 
potential is applied to an electrochemical cell with the simultaneous measurement of 
the resulting current. By varying the potential of an electrode, it is possible to oxidize 
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and reduce species that exist in solution. At more positive potentials, the electrons 
within the electrode become lower in energy and the oxidation of species in solution 
becomes more probable. At lower potentials, the electrons become higher in energy 
and the reduction of solution species becomes more likely. By monitoring the current 
of an electrochemical cell at varying electrode potentials, it is possible to determine 
several characteristics of the solution species such as concentration, reaction kinetics, 
thermodynamic parameters or HOMO and LUMO levels (Figure 1.23). 
bjA-e'_ A+ 
Figure 1.23 
. 
Representation of a) reduction and b) oxidation of the species A in solution. 
The main principle of voltammetry is that most of the reactions, which take place 
in the electrochemical cell, occur close to the electrode surface. Hence, it is 
important to understand the relationship between the concentration of species at the 
electrode surface and electrode potential. Considering an electrode at equilibrium 
inside a solution, the electrode will exhibit a constant potential, which is 
thermodynamically related to the composition of the solution. Assuming the solution 
contains a species A, which is capable of being reduced to B at the electrode surface. 
If the electrode potential were changed by external means, the current in the 
electrode circuit would change the composition of the solution in a way according to 
the new potential. The Nemst equation relates the electrode potential to the 
concentration of species at the electrode surface (Equation 1.5). 
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For n electrons transjerred, Ee is the equilibrium potential of the electrode 
resulting from the standard electrode potential, EO of the reaction and the 
concentrations of A and B at the electrode surface, which under equilibrium 
conditions are the same as their values in bulk solution55• 
Cyclic voltammetry (CV) is a very versatile technique among voltammetric 
methods. The CV measurement is performed in an unstirred solution by cycling the 
electrode potential and measuring the resulting current in the forward and backward 
direction. The controlled potential is a linear potential scan with a triangular 
waveform (Figure 1.24). The potential is scanned toward positive values, until the 
potential has a value enough to start an anodic current and oxidise the analyte. Due to 
diffusion limitations, beyond Ep ox, the current decays until the potential scan is 
reversed toward negative values, where a cathodic current takes place and reduction 
of the species occurs. 
10 E·' p 
~ 
15 Tim. 
~ 
- -~ 0 -.. 
= U 
·5 
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Potential (V) 
Figure 1.24 
On the left, cyclic voltammogram for a reversible electron transfer reaction; on 
the right, variation of the applied potential as a function of time in a cyclic 
voltammogram experiment. 
37 
Chapter J Introduction 
As described earlier, HOMO and LUMO levels are related to the standard 
potential, EO, of an organic molecule in the oxidation and reduction processes, which 
are shown in the CV curve as the oxidation peak potential (E/J and reduction peak 
potential (EP'ed) respectively. Hence, the ionisation potential (JP, the energy between 
the HOMO and vacuum level) and the electron affinity (EA, the energy between 
LUMO and vacuum level) are related. 
1.3.1.2 Polymerisation 
Electrochemical synthesis of a polymer utilises the ability of the monomer to be 
auto-coupled upon irreversible oxidation (anodic polymerisation) or reduction 
(cathodic polymerisation). Of these two routes, anodic polymerisation is the most 
widely studied as thiophenes (Scheme 1.7) and pyrroles are relatively electron rich 
and reliable to oxidation. 
.2W 
-
Repeat Oxidation 
Scheme 1.7 
Schematic process o/thiophene electropolymerisation. 
Polymerisation of thiophene starts with the oxidation of the monomer to a radical 
cation. Afterwards, two radical monomers are coupled to form a dication species, 
which suffer a double deprotonation to create the neutral and aromatic dimer. The 
final polymer is obtained by repeating the same procedure explained for the 
monomer but applied to the dimer and to the consecutive species. 
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Despite that electropolymerisation is not probably a viable technique for industrial 
production, this technique is very important in order to know and characterise the 
properties of the monomer and polymer. 
Apart from the easy manipulation advantage of the polymer, there are more 
advantages for this technique, including: 
i. Small amounts of material are required. Chemical polymerisations require 
substantial monomer quantities for polymerisation, isolation and 
characterisation of the corresponding polymer. 
ii. Rapid analyses. Electrochemical studies give fast information about the 
properties of the monomer and electropolymerized material. 
iii. Accuracy and precision. Electropolymerisations can be performed under 
identical conditions, allowing comparison between different systems and 
assisting property screening. 
iv. Instant deposition of a thin layer over an electrode, such as ITO, which can be 
used for electrochromic and electroluminescent purposes. 
As general disadvantages of this technique are that the polymers are produced in 
rather small amounts and tend to be insoluble, making characterisation with standard 
analytical techniques, difficult if not impossible4• Additionally, fabrication of the 
polymer depends also on a high number of variables, such as solvent, temperature, or 
concentration. 
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1.3.2 Oxidative Polymerisation 
Oxidative polymerisation follows the same principle as electropolymerisation, 
which is the transference of electrons with the consequent oxidation and reduction of 
the participant species. In this case, the electron moves from the monomer to the 
oxidant reagent, which allows to obtain the oxidised radical cation of the monomer56, 
its subsequent polymerisation and reduction of the oxidant reagent, which normally 
is FeCh. Scheme 1.8 shows a typical polymerisation where the resulting polymer is 
obtained in its conducting state with FeCI4- dopant ions. The employ of FeCh is 
widely used because allows a low Fe3+lFe2+ ratio, it is effective and inexpensive. 
Polymerisation using the oxidative method has been successfully utilised in synthesis 
of polypyrroles56, polythiophenes (3) and derivatives such as poly(3-
alkylthiophenes)!·!4.57, poly(ethylenedioxythiophenes)58 or fluorenes59.60. 
Scheme 1.8 
Subsequent 
reduction 
R 
• 
After oxidative formation of the radical cation. polymerisation takes place after 
consecutive coupling reactions and reductions!. 
The advantages of the oxidative method are: 
i. The reaction is easily scaled up, creating large scale amounts of material. 
H. With a good functionalisation, soluble polymers can be prepared. 
On the other hand, polymers prepared by this technique have low molecular 
weight and present difficulties to remove the residual metallic impurities. 
40 
Chapter J Introduction 
1.3.3 Ring Opening Metathesis Polymerisation 
Ring Opening Metathesis Polymerisation (ROMP) (R. Grubbs), is a variant of the 
metathesis olefin reaction. The reaction uses strained cyclic olefins to produce 
stereoregular and narrow molecular weight distribution of polymers and copolymers. 
The new generated olefin remains attached to the catalyst as part of a growing 
polymer chain. In ROMP, the driving force of reaction is the relief of ring strain 
(Scheme 1.9). Rings with double bonds such as cyclohexenes or benzene have little 
or no ring strain and can not be polymerized because there is no thermodynamic 
preference for polymer versus monomer. 
R R 
M / rn consecutive ~~ .. metathesis M ... .. 
0 .. U 
R 
Scheme 1.9 
Polymerisation after metathesis 0/ the olefin. 
Monomers based on norbomene derivatives61 are especially popular as they can be 
readily synthesized from Diels-Alder reactions with cyclopentadiene (Figure 1.27). 
Only the unsubstituted bonds are ring-opened, being very difficult to metathesise tri-
and tetrasubstituted olefins. 
Ph 
_1~ _____ Co,M. PR~ CI/" I -
'·Ru- Ph CI~I 
PR3 
17 
Figure 1.27 
On the left, norbornene (16) and two o/its derivatives and on the right, one o/the 
catalysts employed in metathesis polymerisations, known as Grubbs catalyst (17). 
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1.3.4 Transition Metal-Catalysed Coupling Polymerisations 
In these polymerisation reactions, an organometallic process of a transition metal 
is employed in order to help the coupling of two monomers. When the 
polymerisation is achieved as a result of using two different functionalities in two 
different monomers, the method is known as cross-coupling polymerisation·. 
Transition metal catalysed coupling polymerisation includes: 
i. Heck coupling reactions. 
ii. Stille coupling reactions. 
iii. Suzuki coupling reactions 
iv. Negishi coupling reactions 
v. Yamamoto coupling reactions. 
1.3.4.1 Heck Coupling Reaction 
Palladium catalysed olefin arylation has been successfully employed for the 
generation of carbon-carbon bonds for decades·,62. Aryl or alkyl halides and olefins 
are coupled by a palladium catalyst (typically with phosphine co-ligands) in the 
presence of a base, such as trialkylamine (Scheme 1.10). 
Br (I) Br + 
R 
18 
Scheme 1.10 
Pd (0) 
n 
Se 
Dibromobenzene (18) and divinylbenzene (19) are coupled in the presence of 
Pd (0) catalyst. 
The coupling mechanism goes through different oxidation states of palladium, and 
several steps such as oxidative additions and reductive eliminations (Scheme 1.11). 
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Mechanism for the Heck reaction between dibromobenzene (18) and 
divinylbenzene (19). 
1.3.4.2 Stille Coupling Reaction 
Stille coupling was first reported in the late 1970s. Since then, Stille coupling has 
been widely used for the coupling of both aromatic and vinylic systems. The Stille 
coupling is a versatile carbon-carbon bond forming reaction between stannanes and 
halides or triflates, with very few limitations on the functional group bearing the 
unsaturated bond. In the Stille coupling reaction, it is possible to use palladium (H) 
and with a double reductive elimination affords palladium (0)1 (Scheme 1.12). Well 
elaborated methods allow the preparation of different products from all of the 
combinations of halides and stannanes63• 
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R'SnR"3 
Catalytic cycle for the Stille coupling reaction. Initial palladium catalyst can be 
present as Pd (II) or Pd (0). 
The main drawback is the toxicity of the tin compounds used, and their low 
polarity, which makes them poorly soluble in water, but an important improvement 
has been developed on this matter64• Stannanes are stable, but boronic acids and their 
derivatives undergo much the same chemistry in what is known as the Suzuki 
Coupling. Improvements in the Suzuki Coupling may soon lead to the same 
versatility without the drawbacks of using tin compounds. 
1.3.4.3 Suzuki Coupling Reaction 
The Suzuki Coupling is the palladium catalysed cross-coupling reaction between 
organoboronic acid and halides. Recent catalyst and methods developments have 
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broadened the possible applications enonnously, so the range of the reactions is not 
restricted to aryls, and also includes alkyls, alkenyls and alkynyls. Potassium 
trifluoroborates and organoboranes or boronate esters may be used in place of 
boronic acids. Triflates may also be used as coupling moietl3• 
In Suzuki coupling reactions, the boronic acid must be activated with base 
(Scheme 1.13). This activation of the boron atom enhances the polarisation of the 
organic ligand, and facilitates transmeta11ation. 
Pd(O) 
Ar'-Pd(II)-Ar Ar-Pd(II)-X 
NaOH 
Ar-Pd(II)-O 
OH 
I 
Ar'-S'-OH N'ay ~H 
A(S(OHh 
Scheme 1.13 
Catalytic cycle for Suzuki coupling reaction. 
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The stability, the ease of preparation and low toxicity of the boronic acid 
compounds have widespread the interest in applications of the Suzuki coupling6S,66. 
1.3.4.4 Negishi Coupling Reaction 
The Negishi Coupling was the first reaction that allowed the preparation of 
unsymmetrical biaryls in good yields. The versatile palladium67,68 or nickel catalyzed 
coupling of organozinc compounds with various halides (aryl, vinyl, benzyl, or allyl) 
(Scheme 1.14) have become this method in one of the most cross-coupling methods 
used. 
R-R' 
reductive 
elimination 
L 
I 
R-Pd-L 
I 
R' 
Scheme 1.14 
trans / cis 
isomerisation 
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L 
I 
R-Pd-R' 
I 
L 
L 
I 
R-Pd-X 
I 
L 
R'ZnX 
Palladium catalyst suffers several changes in its oxidation state. After the 
oxidative addition and reductive elimination, palladium catalyst exists as Pd (/1) 
and Pd (0) respectively. 
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1.3.4.5 Yamamoto Coupling Reaction 
The Yamamoto coupling method is an effective route to synthesize conjugated 
polymers. This route has been successful in polymerising several classes of 
conjugated polymers which include thiophenes10,69,70 and fluorenes54,59,71. As a 
catalyst, nickel (0) is used, but it can be introduced as nickel (II) followed by a 
reductive activation step (Scheme 1.15). 
reductive 
elimination 
Ni(II)L",-(ArXh 
+ 
Scheme 1.15 
disproportionation 
Catalyst cycle for Yamamoto coupling. 
X-Ar-X 
The instability of the nickel complex and the large quantities of the catalyst needed 
are the main disadvantages for this reaction. 
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1.4 Aims o/the thesis 
This project focuses on new techniques and ideas to engineer polymer materials 
(and their monomeric precursors) of two layer organic LED devices in such a way as 
to control the boundary region between the two layers and thereby improve charge 
balance and radiative efficiency. This will be addressed by the synthesis of ETL and 
HTL It-conjugated polymer precursors, bearing hydrogen bonds and mesogenic 
functionalities. Hydrogen bonding at the interface will ensure a well defined 
boundary region whilst the mesogenic groups are expected to impart some structural 
regularity to the films resulting in good conjugation length and charge mobility. 
These polymers are important since polymer light emitting diodes (PLEDs) may be 
used in the production of next generation displays. For this reason, it is important 
understand the structure-property relationships of luminescent It-conjugated 
polymers. 
From the synthetic chemistry point of view, this project centre on important routes 
to synthesise It-conjugated polymer precursors of substituted systems of 
pyrrole/thiophene (20a), bithiophenes, 3,4-dioxosubstituted thiophenes (22 and 23), 
and fluorenes (21a) (Figure 1.26). In particular, the mixed, trimeric species (20) are 
novel because they offer the device characteristics associated with their functionally, 
but the steric influence of this functionality (-R) is minimised because only one in 
three ring systems bears these groups. This is an important consideration because in 
designing molecules for LED applications, the benefits that a functional group brings 
to the device must be balanced, against the effect that the group has on its 
surroundings and upon the structure of the polymer material. Steric interactions of 
adjacent functional groups are almost always detrimental to the optical72 and 
electronic73 properties of the material. This is a challenging area of heterocyclic 
chemistry with plenty of scope to become involved in the polymer chemistry 
together with the fabrication and characterisation of Light Emitting Polymer devices. 
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Figure 1.26 
Monomer precursors suitable as 7r-conjugated polymers. 
One of the problems associated with many polymer LED devices is control of both 
hole and electron transport through the device. This is particularly true of early single 
layer devices where hole migration through the film leads to non-radiative 
recombination of charge at the metal cathode. Such devices are consequently 
inefficient because the rate of radiative charge recombination is slow (especially 
when weighted for statistical factors such as exciton spin state, etc.). This problem 
has been addressed by the construction of two layer devices. Here the boundary 
between the hole transport layer (HTL) and the electron transport layer (ETL) acts as 
a barrier to charge migration resulting in the aggregation of excitons leading to 
increased probability of emissive decay. The design of both, ETL and HTL polymer 
systems has been focussed, such that ETL and HTL perform within established 
constraints but bearing additional functionality that will facilitate prescriptive design 
of the interfacial region between the polymer layers of the devices. The effect of 
interfacial chemistry upon the electroluminescent properties of two layer LED 
devices will be investigated by introducing hydrogen bonded or charge-bridged 
anisotropic "liquid crystalline" regions between the HTL and ETL polymer films. In 
order to achieve these interfacial studies a HTL and ETL system has been proposed 
for its synthesis and characterisation (Figure 1.27). 
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HTLsystem ETLsystem 
Figure 1.27 
HTL and ETL system initially proposed. 
The hydrogen bonded anisotropic region will provide a well defined physical 
boundary between ETLIHTL films and the structural order defined by the mesogenic 
groups will help to extend conjugation length within the component polymers which 
may lead to better charge transport properties across the device and the interfacial 
region will be partially polarised, depending on the nature of hydrogen bonding, and 
this will provide an energy barrier to charge transport. 
The merits and properties of these systems are described below: 
~ HTL System: The system for the HTL material is designed around a synthetic 
methodology for building trimeric precursors based on pyrrole, thiophene or 
mixed systems73• EDOT (3,4-ethylene dioxythiophene) and EDOP (3,4-
ethylene dioxypyrrole) building blocks have been proposed because of their 
well known HTL properties together with good processability. In our scheme 
the central pyrrole system of the trimer will bear the mesogenic function 
while the two outer ring systems could either be EDOT, or EDOP. 
Substitution at the central ring system also imparts regularity to the 
subsequent polymer, a property that has been identified as potentially 
important in an LED system. 
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~ ETL System: The ETL polymer is based upon a modification of an 
established system using a substituted fluorene precursor that bears the 
mesogenic hydrogen bond acceptor unit (Figure 1.27). A range of poly(9,9-
dialkylfluorenes) (13) exhibit thermotropic liquid crystal behaviour for both 
linear and branched alkylsubstituents. Alkyl chains are effectively internal 
plasticizers and reduce the melting temperature of the polymer backbone. 
Hence, the work developed and explained in this thesis consists of: 
~ Design of Thiophene-Pyrrole-Thiophene based systems as suitable materials 
for the subsequent polymerisation and fabrication of It-conjugated polymers 
for conducting and/or electroluminescent purposes. 
~ Synthesis of fluorene based monomers and their consequent polymers as 
suitable materials for their application into electroluminescent devices. 
~ Interface design with H-bonded functional groups between two mesogenic 
systems directly attached to Thiophene-Pyrrole-Thiophene (HTL) and 
fluorene (ETL) systems respectively, for a bilayer electroluminescent device. 
~ Design ofmonomers and dimers based on 3,4-dioxosubstituted thiophenes as 
a versatile building block for advanced functional It-conjugated systems. 
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2 Design of Thiophene-Pyrrole-Thiophene based systems 
as polymer precursors 
2.1 Introduction 
Among the conducting polyheterocycles, one of the most widely studied polymers 
is polypyrrole (24) and its derivatives. In 1968, electrical conductivity for 
polypyrrole (24) was reported for the first time, reaching 8 S cm'! at room 
temperature!·2. Afterwards, workers at IBM were able to grow films of polypyrrole 
(24) by electropolymerisation that showed electrical conductivity ranging from 100 
to 10.10 S cm'\ when the film is in the doped or insulating state respectively 3. 
Polypyrroles synthesised by oxidative routes (electrochemical or chemical oxidant 
routes) are subject to coupling defects, which drastically reduce the desirable 
properties. In order to solve this problem, transition metal catalysed coupling 
reactions have been applied. Stille coupling has been used to prepare a BOC-
substituted polypyrrole (BOC: t-butyloxycarbonyl), with the protecting group 
subsequently removed by thermolytic treatment (Scheme 2.1). 
-ZJ- Pd(PPh,), • 
Br N Sn(CH3h 
I BOC 
Scheme 2.1 
-to+ I BOC ~. -to+ I • H 
24 
Synthesis of polypyrrole (24) after StiUe coupling reaction and thermal BOC 
removal/,5. 
Polypyrrole (24) has been reported as a suitable material in electroluminescent 
devices6• A double layer device using a film of polypyrrole (24) as hole transport 
layer (HTL) together with a layer ofMEH-PPV (4) was successfully created with an 
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external quantum efficiency of 0.5 %, and a hole-injection potential barrier between 
polypyrrole (24) and MEH-PPV (4) of 0.23 eV'. 
Polythiophenes have received great attention due to their favourable electrical 
properties8• Doped polythiophene (3) has a conductivity of 50 - 100 S cm·1 at room 
temperature, and poly(3-substituted thiophene)s can reach a large electrical 
conductivity and achieve high solubility. Conductivities of 500 S cm-I have been 
shown for poly(3-methylthiophene i and for certain substituted polythiophenes, 
conductivities higher than 1000 S cm-I can be prepared9• 
Several methods have been established to grow polythiophene (3) films, such as 
electropolymerisation, oxidative chemical polymerisation or metal catalysed 
coupling reactions, which can be used for conducting or electroluminescent 
purposes. 
Polythiophene (3) has the disadvantage of being insoluble and infusible lO• In order 
to resolve this problem, numerous substituted derivatives were developed 11. With the 
aim to create a soluble conducting polymer that blocked the undesirable a,fJ- and fJ,fJ-
coupling, poly(3,4-ethylenedioxythiophene) (PEDOT) (14) (Figure 2.1) was 
designed. Rapidly, PEDOT (14) became one of the most successful materials. It 
combines a low oxidation potential, a moderate band gap with good stability in the 
oxidised state, and a high conductivity (500 S cm-I)IO. Also, PEDOT (14) has shown 
successful application in electroluminescent devices, and it can be used as a 
semitransparent replacement for ITO electrode in inorganic e1ectroluminescent 
devices or as hole transport layer in organic light emitting diodes (OLED)12. The 
insolubility problem was subsequently resolved by using a water soluble 
polyelectrolyte, poly(styrene sulfonic acid) (15) (PSS), as the charge balancing 
dopant during polymerisation to yield PEDOTIPSS (Figure 2.1) developed by Bayer 
AG under the commercial name of BA YTRON P. This combination resulted in a 
water soluble polyelectrolyte system with good film forming properties, such as high 
conductivity (10 S cm-I), high visible light transmissivity, and excellent stability. 
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n 
1f? 1f? ~>.) ~» 
so.- S03H 
Figure 2.1 
PEDOTIPSS blend, known as BAYTRON P. 
New focuses of attention have been developed. Oligomers based on 3,4-
ethylenedioxythiophene (EDOn (25) (Scheme 2.2) have been incorporated as a 
building block into several conjugated polymers13,14 due to their unique properties 
such as eIectrochromic behaviour, low band gap polymers or blue light emitter 
polymers for OLED, which is very difficult to achieve in inorganic 
electroluminescent devices IS. 
1\0 
o S 
I) n·BuLi 1 THF 1-78 'C 
2)[MgO + Br~ Br j 1 THF 1 0 'C 
3) r.-l 1 THF 1 0 'C 
..it").. Br S Br 
25 4) NiCl2[dpppjl THF 1 0 'C 60% 
Scheme 2.2 
2,5-dibromo thiophene derivative is used in a nickel (/l) chloride catalysed 
Grignard coupling, starting with lithiation of EDOT (25) and conversion into 2-
magnesium bromide derivative 16• 
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These quasi one dimensional polymer systems present attractive electrical and 
optical properties making them very applicable to electronic and photonic devices 
such as OLED. Highly ordered systems play important roles in determining the 
properties of conductive polymers l7. In order to avoid the random polymerisation by 
oxidative methods of different monomers, it is possible to use oligomers containing 
the desirable sequence of units which can then be oxidatively polymerised. In this 
way, copolymers of thiophene, pyrrole and furan have been synthesised by 
electropolymerisation of trimers containing these heterocycles 18. 
Thiophenes, pyrroles and furans can be synthesised by the ring closure reaction of 
1,4-diketones with Lawesson's reagentl9,20 (26) (Figure 2.2), primary amines21,22,23, 
and hydrochloric acid in combination with acetic anhydride24 respectively. 
Figure 2.2 
Lawesson's reagent (26), 2.4-bis(4-methoxyphenyl)-1,3-dithia-2,4-phosphetane-
2,4-disulfide. 
A very well known reaction used with the aim to create a heteroaromatic ring from 
a diketone system, is the Paal-Knorr condensation. The initiall,4-bis(2-thienyl)-1,4-
butanedione (32) material can be obtained via double Friedel-Crafts reaction between 
two molecules of thiophene and succinyl chloridel7 (27) or from 2-formylthiophene 
(28) via reaction with a Mannich base25 (29) or reaction with divinyl sulfone (30) 
catalysed with a thiazolium salt22,26 (31) (Scheme 2.3). 
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n r-/NMe:z 
'S~ 29 
o 
Scheme 2.3 
I'll, CI"N~31 It.. s 
OH 
Introduction 
32 
Different methods to obtain 1,4-bis(2-thienyl)-1,4-butanedione (31). 
The consecutive central ring closure reaction can lead to the final trimeric product, 
depending of the condition of reaction employed (Scheme 2.4). 
Scheme 2.4 
MeO-yF) ~.p~ .... \V-P .-{"'I 
s··s v-.OMe 
RNH, 
NH,OAc, Ac,O 
HCl,Ac,O 
• 
33 S 
11 • S 
20b 
S 11 
Synthesis of different polymer precursors with the functional order accomplished. 
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Particularly, 2,S-bis(2-thienyl)-IH-pyrrole derivatives (20b) offer different 
advantages17 detailed below: 
i. Possibility of functionalisation of the central heteroaromatic ring by using the 
Paal-Knorr reaction, introducing pendant groups that provide some structural 
order. 
ii. Lower oxidation potential of its derivatives (about 0.7 V vs SCE) than the ter-
thiophene derivatives. 
iii. Good quality films of the polymers generated by electropolymerisation. 
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2.2 Results and Discussion 
The work described in this chapter has been based on the synthesis and 
characterisation of "trimeric" precursors in investigation as HTL type materials in a 
double layer device with e1ectroluminescent properties. This has been concentrated 
on the study of the centrosymmetric Thiophene-Pyrrole-Thiophene (T-P-T) 
structures substituted at N-position (20b) and, eventually on the synthesis and 
characterisation of the trimeric precursor based on the structure of EDOT (25) as 
outer ring. 
2.2.1 Friedel-Crafts acylations on thiophene 
The synthesis of 1 ,4-bis(2-thienyl)-1 ,4-butanedione (32) can be achieve by 
different routes as explained in the introduction of the current chapter (Scheme 2.3). 
Double acylation of thiophene with succinyl chloride (27) in the presence of a Lewis 
acid catalyst such as aluminium chloride affords the desired compound (32) in 
quantitative amount after an intensive stirring at room temperature17•25• 
The same reaction can be applied to the synthesis of 1-(2-thienyl)-1-ethanone (36), 
which after a single acylation of thiophene with acetyl chloride and aluminium 
chloride as a catalyst, reaches the acetylated thiophene (36) in a high level of purity 
and yield. This compound caught all our interest since is a precursor for the synthesis 
of the Mannich base (29), which can be used with 2-formylthiophene (28) in the 
Stteter reaction for the synthesis of 1 ,4-bis(2-thienyl)-1 ,4-butanedione 25)7 (32) 
(Scheme 2.5). 
However, the double Friede1-Craft acylation was preferred since it allows good 
yields and is the most direct procedure (versus the three steps synthesis via Mannich 
base method). 
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0---< s 0 
36 
32 
Scheme 2.5 
(CH,O)" 
Me,NHHCI 
EtOH 
HClconc 
reflux 4Oh. 
~28 
S 0 
NaCN 
NH.,OH, aq. 
DMF ~ r\ 
__ roo_m_'_em....:p_. - In_ NMe2 
S 0 
29 
Synthesis of 1,4-bis(2-thienyl)-1,4-butanedione (32) via Mannich base27• 
2.2.2 Synthesis of N-Substituted 2,5-dithienylpyrroles 
Two fold strategies were adopted for the synthesis of substituted T-P-T derivatives 
(20b) (Scheme 2.6). The key synthetic intermediate in both strategies is the diethyl 
diketone (32) that is known to undergo ring closure reactions leading to a variety of 
thiophene (33), pyrrole (20b, 34) and furan (35) derivatives depending of the 
reaction conditionsI9,22,24.28. These strategies are attractive because Friedel-Crafts 
acylation of thiophene with succinyl chloride (27) is quantitative and facile, whilst 
the subsequent ring closures are usually high yielding 
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Scheme 2.6 
NH40Ac, Ac10, CH3COOH 
Reflux under Nl for 4 b 
Results and Discussion 
20b 
Proposal of two different routes for the synthesis of N-Substituted 2,5-
dithienylpyrroles (lOb). 
Subsequent alkylation ofT-P-T (34) at the pyrrole N-position with I-bromobutane 
using potassium tert-butoxide as a base was problematic. These reactions did not 
proceed to any measurable extent despite earlier reports of other similar examples on 
pyrroles29,30.31. Whilst crown ethers have been used effectively in such alkylation 
reactions to increase rate by disruption of ion-pairing, this approach appeared to have 
little effect here. It is likely that the stabilisation afforded the pyrrole anion by the 
two thienyl substituents results in that species being very poor nucleophile. 
Consequently, and in accordance with the literature21 ,22,23, an alternative route was 
adopted, also presented in Scheme 2.6, where the N-substituent is incorporated onto 
the pyrrole via Paal-Knorr ring closure reaction with a substituted amine. This has 
been effective and a series of N-substituted 2,5-dithienylpyrroles (20b) have been 
synthesised (Table 2.1). 
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0--9--0 ~ b N b ! s Reagent Yield (%) 
-R 
-H N~OAc / (AC)20 76 
-CH, CH3NH2, 40 wt. % in water 90 
-(CH,),CH, CH3(CH2)sNH2 78 
-H,C-o V~ 88 
-H'C-o- ~N~ 86 
-~-o-OCH, -o-./~ H,CO \ j 50 
, 
-H,c-o-NO, 
~N~HCI 
o,N \ j traces 
i 
-H,C-o-No, 
~NH'HCI 
o,N \ j traces 
, in water 
-~-o-No, I ~N~HCI o,N \ j traces 
, in Et3N 
-H,c-o-No, 
~N~HCI 
o,N \ j traces 
I ' inKOH 
I 
-H'C-D-NO' 
_Q-jH' O,N \ j 64 
I -(CH,),Br Br(CH,),NH,'HCI-K'OBu (1:1) in toluene 18 
Table 2.1 
Synthesis ofN-substituted 2,5-dithienylpyrroles (20b). The reactions were carried 
out under reflux of toluene with a Dean-Stark in the presence of acetic acid. 
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Most of the products were prepared in high yields. Some problems were found in 
the synthesis of N-nitrobenzylderivative; the free amine for its synthesis (4-
nitrobenzylamine) was not commercially available and the direct synthesis using 
hydrochloride amine salt was tried without any quantitative result. Since the only 
difference respect to the other successful products synthesised under the same 
method was the use of the free amine, all the efforts were focussed of reaching the 
free amine in the bulk of the reaction. After several unsuccessful attempts using the 
hydrochloride salt in different conditions of reaction, the direct ring closure reaction 
using the free 4-nitrobenzylamine was successful, achieving a moderate yield. The 
free 4-nitrobenzylamine was obtained after washing the hydrochloride salt with a 
concentrated aqueous solution of potassium hydroxide in dichloromethane. Drying 
and evaporation of the solvent led the attainment of the free amine as a yellow solid. 
The different yields obtained between introducing the amine as the free amine or 
as the hydrochloride salt can be explained with the capacity of generating molecules 
of NH2R, from the acetate and chloride salts respectively, since the lone pair of 
electrons over the nitrogen is required for the advance of the reaction (Scheme 2.7) . 
• (NH,. (J"" OiO-O~OM-O~r) ~~ ~o 0 S HO NHRO). s ~f \~ ( 
32 H HO \.. 
. Hp 
H 
H 
-
Scheme 2.7 
Mechanism of the Paal-Knorr ring closure reaction for the N-substituted pyrrole 
(20b) formation from 1,4-bis(2-thienyl)-1,4-butanedione (32) and a primary 
amine. 
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The ability to generate NH2R, in order for the reaction to take place, can be given 
by the hydrolysis reaction of the respective salts, and expressed by their hydrolysis 
constant (Kh). Hence, as a comparison with the species employed, the hydrolysis 
constant of similar salts, such as anunonium acetate and anunonium chloride were 
studied: 
. 
• 
Equation 2.1 
Hydrolysis constant of ammonium acetate. 
Due to anunonium acetate being composed of two species coming from a weak 
acid and a weak base, both species are able to undergo hydrolysis . 
. 
• 
K AcOH = a 
[CH3COO"] [H30 +] 
[CH3COOH] 
Equation 2.2 
Acidity constant of acetic acid 
Equation 2.3 
K NH, -b -
Basicity constant of ammonia. 
• 
= 1.8 X 10.5 
NH/ + OH' 
= 1.8 X 10.5 
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Also the self-ionisation equilibrium of water, which indicates the concentration of 
hydronium ion (H30l and the hydroxide ion (OH") is expressed by: 
-
Equation 2.4 
Equilibrium constant for the self-ionisation equilibrium of water (K,.). 
Isolating and introducing the concentration of the hydronium ion given In 
Equation 2.2 and the concentration of the hydroxide ion given in Equation 2.3 into 
Equation 2.4 for the self-ionisation equilibrium of water: 
[CH3COOH] KaAcOH [NH3] Kr' 
[CH3COO-] [NH4 + ] 
- K KAcOHKNH, 
- h a b 
After arranging units and substituting in their values, the hydrolysis constant of 
ammonium acetate is: 
I X 10-14 
= = 3.1 X 10-5 
Equation 2.5 
Value of the hydrolysis constant of ammonium acetate. 
For comparison, the same principle is applied in the calculation of the hydrolysis 
constant of ammonium chloride (Equation 2.6), however, the chloride anion remains 
in the non-protonated form (Equation 2.7). 
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Cl" + NH/ . HCl + NH3 • 
Equation 2.6 
Hydrolysis constant of ammonium chloride. 
The concentration of the chloride anion and the hydronium cation can be 
calculated from Equation 2.7. Here a reaction in equilibrium is considered, which is 
highly displaced to the formation of products. 
Equation 2.7 
Ka
HC1 = [Cl"] [H30 +] 7 
= I x 10 
[HCl] 
Acidity constant of hydrochloric acid. 
The basicity constant of ammonia and the self-ionisation equation of water can be 
found in Equation 2.3 and Equation 2.4 respectively. Hence, the same method used 
to calculate the hydrolysis of ammonium acetate can be applied to the hydrolysis of 
ammonium chloride: 
[HCI] K HC1 
a 
[Cl"] 
- K KHCIKNH, 
- h a b 
After arranging units and substituting in their values, the hydrolysis constant of 
ammonium chloride is: 
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1 X 10.14 
= 5.6 X 10.17 = 
Equation 2.8 
Value of the hydrolysis constant of ammonium chloride. 
When the free amine is in contact with acetic acid, which is present in the reaction 
mixture, it forms the consequent ammonium acetate salt, which has a hydrolysis 
constant twelve orders of magnitude larger than the hydrolysis constant of 
ammonium chloride (Equation 2.5 and Equation 2.8) (assuming that the value of 
the hydrolysis constant of their respective salts are similar to the values calculated for 
ammonium acetate and ammonium chloride). That means that the concentration of 
NH2R in solution obtruned from the free amine is twelve orders of magnitude higher 
than the concentration ofNH2R obtained from the hydrochloride salt. 
The difference in the hydrolysis constant can explain the difference of yields 
exposed in Table 2.1. Hence, the reaction conditions where the amine is introduced 
as hydrochloride salt, have lower yields than the reaction conditions where the free 
amine is employed. Significantly, if a base is used in conjunction with the 
hydrochloride salt, the result is mainly the same. It could be that later in the bulk of 
the reaction, the protonated amine has more preference for being in association with 
chloride anion than with other present anions. 
Following the same approach, the synthesis of N-(3-bromopropyl)-2,5-bis(2-
thienyl)pyrrole was obtained with a relatively low yield (18 %). 3-bromopropylamine 
was not commercially available and the synthesis was carried out with the 
commercially available hydrochloride salt derivative, mixed in toluene with 
potassium tert-butoxide in a 1: 1 molar ratio. 
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2.2.3 Synthesis of EDOT based trimers 
In light of the work developed in the synthesis of 1 ,4-bis(2-thienyl)-I,4-
butanedione (32), the direct acylation of EDOT (25) with succinyl chloride (27) by 
the Friede1-Crafts method was attempted without result (Scheme 2.8). In contrast to 
thiophene (Scheme 2.6), EDOT (25) underwent extensive decomposition under 
strongly acidic conditions, and in the presence of Lewis acid catalysf2. 
0/\0 CI~CI 
d o 0 27 • Aiel, s 
('0 
o """" ~ s s 
25 37 
Scheme 2.8 
Unsuccessfol direct acylation of 3,4-ethylenedioxythiophene (EDOT) (25) using 
succinyl chloride (27) and aluminium chloride as reagents. 
Different Lewis acids were tried for the same synthesis such as boron trifluoride-
diethyl etherate (BF3'Et20) but with identical results. BF3'Et20 has been reported as 
a successful Lewis acid catalyst in Friedel-Crafts reactions33,34. After several 
unsuccessful attempts at introducing the dione function, this route was abandoned. 
An alternative route was developed utilising the reaction between the aldehyde of 
EDOT (38) and divinyl sulfone (30) (Scheme 2.9). This reaction, known as Stetter 
reaction, has previously been employed with other thiophene systems, as well as 
substituted pyrroles22,26,35. The aldehyde of EDOT (38) is prepared either from 
reaction of the lithiated species with dimethyl forrnamide (DMF)32, or by direct 
forrnylation of EDOT (25) using phosphorus oxychloride (POCh) and DMF in a 
Vilsmeier-type reaction23. The latter route was chosen for its synthesis and the 
aldehyde (38) was prepared in good yield (75 %). 
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Scheme 2.9 
Route of synthesis for the product 1,4-bis(3,4-ethylenedioxy-2-thienyl)-1,4-
butanedione (37). 
The synthesis of the product 1 ,4-bis(3,4-ethylenedioxy-2-thienyl)-1 ,4-butanedione 
(37) was very sensitive to the conditions of reaction, and initial yields of 5 % were 
obtained. Finally, after refinement of the reaction conditions the product could be 
produced in a considerably larger yield (41 %). Characterisation of the dione product 
(37) was hampered due to its poor solubility in most common solvents, however it 
was found to be soluble in hot dimethyl sulfoxide (DMSO). 
A mechanism of its synthesis was postulated and shown in Scheme 2.10: 
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H 
Mechanism of Stetter reaction for the synthesis of 1,4-bis(3,4-ethylenedioxy-2-
thienyl)-1,4-butanedione (37). 
In the mechanism proposed in Scheme 2.10, it is interesting to notice the change 
of reactivity in the carbonylic carbon of the aldehyde group. Hence, the carbonylic 
carbon goes from an initial electrophilic character, to a nucleophilic status after the 
addition of the thiazolium salt catalyst. 
The closure reaction ofthe EDOT diketone (37) has been attempted with varying 
results. Starting from 1,4-bis(3,4-ethylenedioxy-2-thienyl)-1,4-butanedione (37), and 
using the Paal-Knorr reaction21,22,23 for the synthesis of pyrroles, several substituted 
amines were employed. The main problem for this reaction is that the starting 
material is very poorly soluble in most solvents. Additionally, water must be 
removed during the course of the ring closure reaction and this is usually achieved by 
azeotropic distillation. Hence, the range of suitable solvents is very narrow, limiting 
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the choice of useful solvents systems to either toluene or benzene. The ring closure 
reaction of the EDOT diketone (37) was pursued with benzyl amine in the hope that 
the high solubility of that molecule in toluene would favour the solubility of the ring-
closed trimer. In this way, the dione (37) was drawn into solution by mass action to 
maintain the solubility equilibrium. This strategy was successful and the benzyl 
derivative (39) was achieved in a moderately good yield (50 %) (Scheme 2.11). 
l)CH,COOH 
2) rO ("0 
==H,,;,==N ===~ ° 
under reflux in toluene 
50% 
37 Partially in solution 
Scheme 2.11 
Process of the different solubilities for the synthesis of N-benzyl-2,5-bis(3,4-
ethylenedioxy-2-thienyl)pyrrole (39). 
2.2.4 Spectroscopic Characterisation 
All the materials described above (and in the experimental section) were fully 
characterised by nuclear magnetic resonance spectroscopy and physical techniques. 
Visible and UV spectroscopy has also been employed to characterise these molecular 
species and the relevant data are summarised in Table 2.2 and Table 2.3. These data 
correspond to broad absorptions for the It-lt* transitions and ranged between 3.47 -
5.34 eV. The magnitude of variation, with the nature of the substituent at the pyrrole 
N-atom, is relatively small and demonstrates that the substituent has little influence 
on the conjugated electronic system of the parent heterocyclic trimer unit. This is a 
positive outcome because it suggests that the incorporation of the different pendant 
groups can give some structural order to the molecule, without perturbing 
significantly the conjugation in the trimer backbone. This interference might also 
extend to the electronic properties of the resultant polymers. 
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Sample :n:-:n:* (nm) :n:-:n:* ( e V) 
0 230 5.34 
• s 
.C)-{] 305 4.06 
crO--o ~' s ~I! 357 3.47 
• s 33 
0-< 261 4.76 S 0 284 4.37 36 
0-0-0 262 4.73 00 286 4.34 32 
0 230 5.39 N 
• H 
o-9--D 342 3.62 ~s ~~I!
I 34 
, 
~ 326 3.81 ~ 7 ~ /i , CH, 
40 
~ 312 3.97 ~ 7 ~ (CH,),CH, 
41 
crco 306 4.05 7 !J , (CH,),Sr 
42 
Table 2.2 
Absorption Peaks of UV-Visible for several systems studied. Absorbencies 
recorded in dichloromethane. The energies 71:-71:* (e V) are calculated according to: 
E = h·v = h'~' where: h is the Planck's constant (h = 6.626176·]0·34 J's), c is the 
speed of light in the vacuum (c = 299792458 m·s·1) and 1 eV = 1.6021892·lO·19 J. 
*Products testedfrom a commercial sample (Aldrich). 
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The data in Table 2.2 characterise the wavelength and energy of the x-x· frontier 
transition and several important trends are present. The HOMO-LUMO gap of the 
thiophene molecular species progressively decreases from 5.34 to 3.47 eV on moving 
from molecular thiophene to terthiophene (33). This is consistent with increased 
conjugation of thiophene systems, that locate the intrinsic "band gap" of 
polythiophene (3) between 1.5 and 2.5 e V36• The same transition for 2,5-bis(2-
thienyl)-lH-pyrrole (34) lies at a similar energy to terthiophene (33) but substitution 
of this species at the N-position increases the transition energy. The greatest effect of 
the N-alkyl groups is steric influence with the loss of some coplanarity by contiguous 
rings37• Studies carried by Bredas et al. demonstrated that the torsion angle between 
adjacent rings must be maintained to within 40° for high electrical conductivitl8• 
Straight chain alkyl substituents raise the transition energy between HOMO-LUMO 
(x-x*) about 0.25 eV and the 3-bromopropyl group raises it by an additional 0.43 eV 
over the value of the unsubstituted trimer (34). Hence, the presence of a voluminous 
atom such as bromine, in contrast to the other similar systems studied in this chapter, 
has some sterical influence on the molecule backbone modifying its electronic 
properties. 
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11:-11:* 11:-11:* :n:-11:* 11:-11:* 
Sample (nm) (eV) 
Sample 
(nm) (eV) 
ay; (231) 5.37 ~NH2 231 5.37 
325 3.82 
43 
~ (230) 5.39 ~NH' 230 5.39 323 3.84 
44 
tr9-o (230) 5.39 ~ ~NH' 235 5.28 323 3.84 
45 
~ (233) 5.32 02N~ 215 5.77 * NH2 HCI NO, 297 4.17 
46 
Table 2.3 
uv-Visible absorption peaks for molecular species recorded in dichloromethane. 
Values in brackets are associated with the transitions of the pendants substituents. 
For comparison, the absorbencies of the benzylic amines are shown in the three 
columns on the right side of the table. 
*Sample tested in water as a dissolvent. 
The data represented in Table 2.3, also corresponds to the transition It-1t* for N-
benzylic substituted systems. Electronic spectra of the substituted trimer species 
commonly exhibit more than one spectral feature (Figure 2.3). These were attributed 
to the discrete absorption bands for the aromatic substituents. These bands were 
identified by running the separate spectrum for the unreacted amine. The resulting 
transitions of the trimer lie in similar energies to N-methyl-2,5-bis(2-thienyl)pyrrole 
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(40) (3.81 eV), excepting the transition of N-(4-nitrobenzyl)-2,5-bis(2-
thienyl)pyrrole (46), which occurs at higher energies (4.17 eV). There is not a clear 
trend in the electronic absorptions that could be correlated with an inductive effect 
and so it seems likely that such differences that are observed probably originated 
from steric interactions. In the case of the absorbance of 4-nitrobenzylamine 
hydrochloride, the difference of absorbance (18 nm) with respect to its corresponding 
pendant group from the trimer derivative (46) (Figure 2.4), can be attributed to the 
use of different solvents. Hence, the use of polar solvents, such. as water, with free 
electrons can shift the absorption to a shorter wavelength (hypsochromic effect). The 
free electrons are solvated by hydrogen bonds, so they are at lower energy. More 
energy is required to accomplish the transition. The band shift must be similar to the 
energy of the hydrogen bond and can be up to 30 nm .. 
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Figure 2.3 
Model representation of the UV-Vis absorbance spectrum of a N-(benzylic 
substituted}-2.5-bis(2-thienyl)pyrrole. The black line corresponds to the 
absorbance spectrum of N-(4-methylbenzyl}-2.5-bis(2-threnyl)pyrrole (44) and the 
blue line to the absorbance spectrum of 4-methylamine. both recorded in 
dichloromethane. 
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Figure 2.4 
UV-Vis absorbance spectrum ofN-(4-nitrobenzyl}-2.5-bis(2-thienyl}pyrrole (46) in 
dichloromethane (black line) and 4-nitrobenzylamine hydrochloride recorded in 
water (blue line). In comparison to Figure 2.3, the peak corresponding to the 
benzylic transition of the amine has suffered a hypsochromic effect (shift to 
smaller wavelength) accompanied by a hypochromic effect (decrease in intensity). 
2.2.5 Electrochemical Characterisation 
The dithienylpyrrole species described in this chapter were studied using cyclic 
voltammetry and chronoamperometric techniques in acetonitrile solution under dry 
anaerobic conditions. 
All species exhibit an irreversible oxidation process at anodic potentials on a 
variety of solid electrode surfaces (for example, platinum, gold, or glassy carbon) 
leading to the fonnation of insoluble electroactive polymer films. Discrete redox 
peaks were also observed for many of these molecules that indicate the rate of 
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nucleation and growth of polymer chains is relatively slow in comparison with 
smaller molecular derivatives such as EDOT (25) (Figure 5.4). 
Figure 2.5 shows the progressive growth of a poly(2,5-bis(2-thienyl)- lH-pyrrole 
film on a platinum disk electrode using repetitive scan cyclic voItanunetry. 
e I mV (verSUS AgC' I Ag) 
Figure 2.5 
Repetitive scan cyclic voltammogram of 2,5-bis(2-thienyl)-IH-pyrrole (34), 
(50mM), in MeCN I LiCI04 (OI.M), at a 3mm (dia.) Pt disk electrode using AgCl1 
Ag reference electrode, potential scan rate, v, of30 mV S·l. 
Figure 2.5 shows the normal current and potential axes typical of a cyclic 
voltammogram with an additional time axis. The evolution of the doping I de-doping 
redox progress of the polymer can easily be seen. As it is typical for similar 
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materials, this pseudo reversible process lies approximately 200 m V negative of the 
irreversible oxidation of the parent molecular precursor. 
Electroactive films of these species were also formed under potentiostatic 
conditions using chronoamperometry. Figure 2.6 shows the relationship between 
current and time for potentiostatic oxidation of N-methyl-2,5-bis(2-thienyl)pyrrole 
(40), in acetonitrile solution. 
250 
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Figure 2.6 
Current - time trace for anodic oxidation of N-methyl-2,5-bis(2-thienyl)pyrrole 
(40), (26 mM), in LiCl04 / MeCN (O.lM) at a 3 mm (dia.) Pt disk electrode, at a 
fvcedpotential of 1.1 V versus AgCl1 Ag. 
This shows an initial current transient followed by rapid decay at the beginning of 
the trace typical for a solution diffusion controlled process. This current then levels 
off during the nucleation phase of polymer deposition. At time > 50 s the current 
increases and this is due to the deposition of electroactive material on the surface that 
effectively increases the electrode area, since the measured current is directly 
proportional to electrode area (Equation 2.3). Observations of polymer growth for 
these materials using both cyclic voitanunetry and chronopotentiometry are 
consistent with expectation and broadly indicate relatively slow polymer growth, in 
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comparison to monomeric species, such as N-methylpyrrole39, or N-benzylpyrrole31 • 
This is not unexpected since the structural anisotropy of the radical cation of these 
molecules introduces an orientational constraint on the coupling reactions. 
The mechanism of the electrochemical polymerisation for this triheterocycle 
system (20b) has been proposed by Niziurski-Mann et aP9. Studies of radical 
coupling were developed using different systems substituted at the different positions 
of the three heterocycles, with the aim to hinder undesirable radical coupling. They 
found that, even some degree of branching was possible, the most likely coupling 
was the lineal coupling through the C-5 position of the thiophene (Scheme 2.12). 
()--t:)--D _. --. 
R 
() ()-c_)· •. -.~ () ()-() 
R R • 
Scheme 2.12 
The three likely resonance structures for the radical cation and the lineal coupling 
of the N-alkyl substituted-2,5-bis(2-thienyl)pyrrolel9• 
The electroactive polymers were also studied by cyclic voltammetry (cv). 
Following polymer growth, the metal electrode substrate and the polymer coating 
were removed from the polymerisation solution, rinsed with clean acetonitrile and 
placed in a fresh electrolyte solution. Figure 2.7 shows a series of cyclic 
voltanunograms of a platinum electrode coated with poly(N-methyl-2,5-bis(2-
thienyl)pyrrole), which were recorded over a range of potential scan rates. 
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a 2f/J 4f1 fIiJ fIiJ IQOO 12f/J 
El mV (venus Ag+IAg) 
Figure 2.7 
Cyclic voltammogram of 3 mm (dia.) Pt electrode coated with poly(N-methyl-2,5-
bis(2-thienyl)pyrrole) in fresh MeCN I LiCI04 (0.1 M) electrolyte solution; 
potential scan rate, v; a) 25 mV s·/, b) 50 mV s·/, c) 75 mV s·/, d) 100 mV s·/, e) 25 
m V s·/ (repeat). 
These cyclic voltammogram show the quasi reversible doping behaviour of the 
electroactive polymer. The symmetrical peak shape and the relatively short 
experimental time scale indicate that charge transport in this material is reasonably 
rapid and comparable with polythiophene (3) or polypyrrole (24). In a consistent 
manner the peak anodic and cathodic current values show a good linear dependence 
on potential scan rate (Figure 2.8). This observation also indicates that the redox 
process is confined to the electrode surface rather than a diffusional solution process. 
Following the full set of measurements a repeat measurement was taken at the lowest 
scan rate (Figure 2.7, trace e). This shows smaller values of both anodic and 
cathodic current when compared to the initial cyclic voltarnmogram (Figure 2.7, 
trace a) recorded at the same potential scan rate, indicating that the polymer film has 
lost approximately 8 % of electroactivity during the time elapsed between the 
previous measurements. This loss is also indicated on the scan rate plot in Figure 
2.8. 
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Figure 2.8 
Peak current data taken from cyclic voltammograms of a Pt electrode (3mm dia.) 
coated with poly(N-methyl-2,5-bis(2-thienyl)pyrrole) in fresh MeCN / LiClO4 
(0.1 M) electrolyte solution, see Figure 2. 7. 
• Repeated measurement at the slowest scan rate, see Figure 2. 7, trace e. 
N-benzylic substituted systems were also studied by electrochemical methods. The 
values of potentials are referenced against an internal standard, ferrocinium I 
ferrocene (Fc+/Fc), for easy comparison. The peak potentials for oxidation are in the 
range from 349 mV to 485 mV spanning 136 mY. Although the most anodic of these 
potentials also corresponds to the functionality with the most electron withdrawing 
substitutent, there is not a rational trend in these data. This reflects corresponding 
observation in the UV -Vis spectra. The cyclic voltammetry of these N·benzylic 
systems are shown in Figures 2.9 - 2.13. For the nitrobenzyl derivative system (46), 
two distinct redox processes are visible (Figure 2.12). There is a reversible reduction 
at -1583 mV and an irreversible oxidation peak at 485 mY. The reversible reduction 
is localised at the nitrobenzyl group and is a one electron process. This redox couple 
provides a conventional internal calibration for the corresponding oxidation in terms 
of the electron stoichiometry. Equation 2.9 relates diffusion controlled peak currents 
(ip) to a number of experimental parameters including diffusion coefficient (Do), 
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electrode area, (A), concentration (Co), the experimental potential scan rate (V) and 
number of electrons (n). 
Equation 2.9 
Peak currents can be related to a number of experimental parameters. 
The ratio of peak current from the two redox processes gives an electron 
stoichiometry of 2 for the irreversible oxidation process (assuming that the two 
charged species have the same diffusion coefficient and interfacial charge-transfer 
characteristics) (Scheme 2.12). This is according the value of 3 electrons that are 
required for polymerisation to the fully p-doped state. 
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Figure 2.9 
Multisweep cyclic voltammogram for the formation of poly(N-benzyl-2.5-bis(2-
thierrylpyrrole) (lmM) versus E(Fc+/Fc) in fresh MeCN and 0.05 M [NBU4}[BF41 
as electrolyte. at a 3mm (dia.) Pt disk electrode. v = 50 mVs·l . 
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Figure 2.10 
Cyclic voltammogram for the N-methylbenzyl-2,5-bis(2-thienyl)pyrrole (44) (5 
mM) versus E(Fc+/Fc) in fresh MeCN and 0.05 M [NBU4][BFJ as electrolyte, at a 
3mm (dia) Pt disk electrode, v = 50 mVs·1• 
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Figure 2.11 
Multisweep cyclic voltammogram for theformation of poly(N-(4-methoxybenzy)/-
2,5-bis(2-thienylpyrrole) (3 mM) versus E(Fc+/Fc) in fresh MeCN and 0.05 M 
[NBuJ[BF41 as electrolyte, ata 3mm (dia.) Pt disk electrode, v = 50 m VS-I. 
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Figure 2.12 
Cyclic voltammogram of N-(4-nitrobenzyl)-2.5-bis(2-thienyl)pyrrole (46) (6 mM) 
versus E(Fc+/Fc) in fresh MeCN and 0.05 M [NBu41[BF4] as electrolyte. at a 2 
mm (dia.) Pt disk electrode. v = 75 mVsI. 
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Figure 2.13 
Multisweep cyclic voltammogram for the formation of poly(N-{4-nitrobenzyl)-2.5-
bis(2-thienyl)pyrrole) (6 mM) versus E(Fc+/Fc) in fresh MeCN and 0.05 M 
[NBu41[BF 4 as electrolyte. at a 2 mm (dia.) Pt disk electrode. v = 200 m Vs-I. 
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Table 2.4 summarises the oxidation potentials for the different N-(benzylic 
substituted)-2,5-bis(2-thienyl)pyrrole systems studied. 
Sample E(mV) 
~ 349 
43 
~ 418 
44 
o-?--o ~ 485 
45 
~ 485 NO, 
46 
, 
Table 2.4 
Oxidation potential for substituted benzyl derivatives at a Pt disk electrode. 
Potentials calibrated versus E(Fc + IFc} in MeCN and 0.05 M [NBU4}[BF41. 
2.2.6 X-Ray Crystal Structure studies 
In order to study the coplanarity of these systems, which is directly related to the 
existence of the quinoid fonn and the high ability to donate 1t-electrons, X-ray 
diffraction studies were undertaken. Here, we describe the solid state structure of 
several of these species. The X-ray diffraction pattern of the single crystals was 
collected at a temperature of 150 K, using a Bruker (SMART 1000) diode array 
detector and a monochromic X-ray source (Mo Kct, 0.71073 A). 
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2.2.6.1 X-Ray Crystal structure of N-benzyl-2,S-bis(2-thienyl)pyrrole40 
The X-ray diffraction pattern for this single crystal was subsequently resolved into 
the structural representations that are depicted in Figure 2.14 and Figure 2.15 (R-
factor = 4.75 %). The asymmetric unit of the crystal structure contains two molecules 
of N-benzyl-2,5-bis(2-thienyl)pyrrole (43) (Figure 2.14). The structure is consistent 
with the formulation and the pendant benzene ring lies in a plane that is almost 
perpendicular to the plane of the central pyrrole ring. Although the individual 
heterocyc1ic rings are essentially planar, the two outer thiophene rings are twisted 
with respect to the plane of the pyrrole ring. The magnitude of this twisting is not the 
same for the two independent molecules, such that the S1l2-Clll-C12-Nll and 
NI1-C15-C121-S122 torsion angles are 130° and 128°, respectively, and S222-C221-
C25-N21 and N21-C22-C211-S212 are _132° and -142°, respectively. These twists 
are considerably larger than those in N-methyl-2,5-bis(2-thienyl)pyrrole, a similar 
species with a methyl substituent on the N atom of the pyrrole ring, determined by 
Ferraris et al37, which has values of -149 for S-C-C-N and 152 for N-C-C-S. 
Although it is difficult to draw comparisons between solid state structures and 
solution properties, this observation is consistent with the value for 1t-1t* transition 
energy gap. This value (3.82 eV) is in higher energy than the value for terthiophene 
(3.47 eV), which has a quasi-planar conformation in the solid state41•42• 
Figure 2.14 
The two molecules of N-benzyl-2.5-bis(2-thienyl)pyrrole contained in the 
asymmetric unit of the crystal. 
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The molecules of N-benzyl-2,5-bis(2-thienyl)pyrrole (43) are arranged in layers 
such that along both axes of each layer the benzyl substituent is orientated alternately 
above and below the plane of the layer (Figure 2.15). The phenyl rings in each row 
of molecules are all coplanar and the equivalent planes in adjacent rows are parallel. 
Each layer is populated solely by one of the two molecular configurations observed 
in the asymmetric unit, such that one layer consists of molecules containing atoms 
S112 and S122, while the adjacent layer is made up of molecules containing atoms 
S212 and S222. There is a 7t-7t facial interaction between the phenyl rings of the 
benzyl substituents in adjacent layer. The corresponding C-C distance between 
cofacial phenyl rings is 3.80 A. This compares with a distance of3.39 A for the layer 
spacing of graphite. This packing arrangement is also shown in Figure 2.15. 
There is also two fold rotational disorder of one of the thiophene ring in each 
molecule. Atoms C121 and C221 are common to each of the two disorder 
components, the occupancies of which refme to 0.553:0.447 and 0.690:0.310, 
repectively. 
This packing arrangement is quite different from those commonly seen in other 
derivatives and oligomers of thiophene and pyrrole, where an alternating herring-
bone motif is often observed. Indeed, when the phenyl ring interaction is absent, for 
example in N-methyl-2,5-bis(2-thienyl)pyrrole (40), this type of packing is 
adopted37• 
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Figure 2.15 
On the left, packing diagram viewed along b axis, with phenyl rings edge-on going 
alternatively into and out of the ac plane. On the right, a schematic representation 
of the packing, showing the phenyl ring of the substituent as a pendant ellipse. 
Two adjacent layers are shown, shaded differently for clarified. 
Detailed parameters tables are shown in Appendix 1. 
2.2.6.1 X-Ray Crystal structure of N-(4-substitutedbenzyl)-2,5-bis(2-
thienyl)pyrrole 
The structure of N-(4-methylbenzyl)-2,5-bis(2-thienyl)pyrrole (44) has been fully 
characterised. The asymmetric unit of N-(4-methylbenzyl)-2,5-bis(2-thienyl)pyrrole 
(44) (Figure 2.16) contains a single molecule in contrast to the asymmetric unit for 
the benzyl derivative (43) that contains two molecules having different orientations 
of the thiophene units about the central pyrrole. The connectivity is as expected but 
there is some disorder in one of the thiophene rings resulting from the thermal 
rotation of the thiophene unit about the C-C bond that connects it to the central 
pyrrole. Such disorder looks likely to be a common feature in these studies although 
all the diffraction data sets were acquired at low temperature (150 K). 
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Figure 2.16 
Asymmetric unit determined from the X-ray diffraction pattern of a single crystal 
ofN-(4-methylbenzyl)-2,5-bis(2-thienyl)pyrrole (#). 
The packing diagram for the methylbenzyl derivative (44) structure (Figure 2.17) 
is quite different from the benzyl derivative (43) structure although both packing 
arrangements are dominated by the facial interaction between the phenyl ring 
substituents. In the benzyl (43) structure this interaction is manifested in an 
alternating fashion that results in two discrete layers of monomers that pack one upon 
the other. The methylbenzyl derivative (44) structure is much easier to visualise and 
exhibits extended staggered layers of the phenyl rings that are facing each other. 
Figure 2.17 
Packing diagram of the unit cell of N-(4-methylbenzyl)-2,5-bis(2-thienyl)pyrrole 
(44). 
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The nearest neighbour distance for the phenyl rings in the benzyl derivative (43) 
structure is 3.80 A, whereas the equivalent distance for the methylbenzyl derivative 
(44) structure is 4.02 A. Presumably, the increased distance for the facial interaction 
of the benzyl group is due to the steric influence of the methyl group. Large torsion 
, 
angles between adjacent pyrrole and thiophene units are observed in the N-( 4-
methylbenzyl)-2,5-bis(2-thienyl)pyrrole (44) asymmetric unit. Detailed tables with 
the crystal structures parameters of N-(4-methylbenzyl)-2,5-bis(2-thienyl)pyrrole 
(44) can be found in Appendix 2. 
Also, the crystal structure of N-(4-methoxybenzyl)-2,5-bis(2-thienyl)pyrrole (45) 
has been studied. Equally to the structure of the methylbenzyl derivative (44), the 
asymmetric unit of the methoxybenzyl derivative (45) contains only a single 
molecule (Figure 2.18). The atom connectivity is as expected, and the same disorder 
seen in N-(4-methylbenzyl)-2,5-bis(2-thienyl)pyrrole (44) is also seen here due to the 
thermal rotation along the C-C bond between the pyrrole and thiophenes rings. 
"'''' 
011381 
Figure 2.18 
Asymmetric unit determined from the X-ray diffraction pattern of a single crystal 
of N-( 4-methoxybenzyl)-2,5-bis(2-thienyl)pyrrole (45). 
In the packing diagram for the methoxybenzyl derivative (45) structure (Figure 
2.19), the packing arrangements are also dominated by the facial interaction between 
the phenyl ring substituents, which has been also seen in the two crystal structures 
93 
Chapter] Results and DiscUssion 
described above. The molecules are organised in discrete layers composed of two 
molecules of trim er, which pack one upon the other, with the phenyl ring packing in 
layers with their axis perpendicular to the trimer. 
Figure 2.19 
Packing diagram o/the unit cell o/N-(4-methoxybenzyl)-2,5-bis(2-thienyl)pyrrole 
(45). 
Due to this packing, the distance between phenyl rings is much closer (3.74 A) 
than for the methylbenzyl derivative (44) (4.02 A) and is of a similar order to the 
distance seen in the benzyl derivative (43) structure, where the benzyl ring does not 
have any pendant substituent. A list with the crystals parameters for N-( 4-
methoxybenzyl)-2,5-bis(2-thienyl)pyrrole (45) can be found in Appendix 3. 
N-(4-nitrobenzyl)-2,5-bis(2-thienyl)pyrrole (46) was also crystallised and the 
crystal data collected (Appendix 4) and studied. As seen in the structure of the 
benzyl derivative (43), the asymmetric unit of the nitrobenzyl derivative (46) 
contains two molecules (Figure 2.20). The atom connectivity is as expected, and the 
disorder due to the thermal rotation between the pyrrole-thiophene bond is also seen 
here for both molecules. 
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Figure 2.20 
The two molecules ofN-(4-nitrobenzyl)-2,5-bis(2-thienyl)pyrrole (46) contained in 
the asymmetric unit of the crystal. 
The packing diagram for the nitrobenzyl derivative (46) structure (Figure 2.21), 
shows arrangements by alternating layers, in which each layer is only populated by 
one of the two molecules. Inside each layer, the molecules are orientated at 90· 
angles with respect to the previous and consecutive molecules. The phenyl rings are 
packed in layers employing the large gaps created in 90· angle packing of the 
trimers. 
Figure 2.21 
Packing diagram of the unit cell of N-(4-nitrobenzyl)-2,5-bis(2-thienyl)pyrrole. 
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As a result of the way of packing, the phenyl rings are positioned very close, 
having 3.70 A as the closest distance. As a comparison, the distance between layers 
inside the graphite structure is 3.39 A. Hence, the presence of the nitro substituent 
group into the benzyl ring does not seem to have a large steric influence. 
2.2.7 Comments and Conclusions 
The main work described in this chapter has been undertaken with the aim of 
establishing a reliable route of synthesis and study for a range of different 
compounds based on the systems Thiophene-Pyrrole-Thiophene and EDOT-Pyrrole-
EDOT, in order to employ them as precursors for the hole transport layer in a double 
layer device. In the first of these systems we have been reasonably successful, using 
the Paal-Knorr ring closure reaction for a range of several substitutents into the 
central pyrrole ring including those that are realistic model for mesogenic 
functionalities. The second system, containing EDOT derivatives at either side of the 
central pyrrole ring has been more difficult and its synthesis by this route is 
problematic. This is largely due to the poor solubility of the diketone precursor (37). 
However, a system based on EDOT and pyrrole rings has been successfully 
synthesised finding the most suitable conditions of reaction. Also, the studies of 
these compounds by UV -Vis, electrochemical polymerisation and X-ray diffraction 
techniques demonstrate the quasi-planarity of these systems. UV -Vis data suggest 
that these materials will have relatively low band gap leading to the achievement of 
good electrical conductivity. 
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2.3 Experimental 
General procedures for the synthesis and characterisation of the compounds are 
described in Appendix 5. 
2.3.1 Friedel-Crafts Acylation of Thiophenes 
Synthesis of 1-(2-thienyl)-1-ethanoni3 
0--< s 0 
36 
To a suspension of aluminium chloride (8.31 g, 0.06 mol) in dichloromethane (10 
ml), a solution of thiophene (5.00 g, 0.06 mol) and acetyl chloride (5.12 g, 0.06 mol) 
in dichloromethane (25 ml) was added dropwise. The mixture was stirred at room 
temperature for 18 h. It was then hydrolysed with ice and concentrated hydrochloric 
acid (5 ml). After intensive stirring for 2h the dark brown organic phase was 
separated, washed with hydrochloric acid (2M) (2 x 20 ml), water and with an 
aqueous solution of sodium bicarbonate, and then, dried over magnesium sulfate. 
After evaporation of the solvent an orange oil remained. The crude product was 
purified by column chromatography over silica gel (hexane:dichloromethane 1: 1) to 
give the title compound (36) (5.31 g, 71 %). vrnax/cmot (film) 3103, 2845,1633, 1414, 
1233,823,704; OH (400 MHz, CDCh) 2.53 (3 H, s, CO CH3), 7.09 (1 H, dd, J 3.8 
and 4.8 Hz, SCH=CH), 7.60 (1 H, dd, J 1.2 and 4.8 Hz, SCH=CHCH), 7.67 (1 H, dd, 
J 1.2 and 3.8 Hz, SCH); Oc (400 MHz, CDCh) 26.8 (CH3), 128.4 (CH), 132.4 (CH), 
134.2 (CH), 144.4 (C), 190.7 (C); m/z (El) 126 (M+, 58 %), 111 (100 %). Accurate 
mass: found 126.0137, C6H60S requires 126.0139. 
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Synthesis of 1,4-bis(2-thienyl)-1,4-butanedioneI7 
To a suspension of aluminiwn chloride (16.63 g, 0.12 mol) in dichloromethane (15 
ml), a solution of thiophene (10.21 g, 0.12 mol) and succinyl chloride (8.21 g,0.05 
mol) in dichloromethane (25 ml) was added dropwise. The mixture was stirred at 
room temperature for 18 h. It was then hydrolysed with ice and concentrated 
hydrochloric acid (5 ml). After intensive stirring for 2 h, the dark green organic 
phase was separated, washed with hydrochloric acid (2M) (2 x 20 ml), water and 
with an aqueous solution of sodiwn bicarbonate (3 x 10 ml), and dried over 
magnesiwn sulfate. After evaporation of the solvent a blue-green solid remained, 
which was suspended in ethanol. Filtration and washing with ethanol and diethyl 
ether provided a green solid, which was purified by column chromatography over 
silica gel (hexane:dichloromethane I: 1), affording the title compound (32) as a white 
solid. (14.41g, 95 %). mp 129 -130 °C (litY 130-131 0C); vmax/cm-1 (film) 3196, 
2852, 1651, 1414, 1190, 860,733; OH (400 MHz, CDCh) 3.40 (4 H, s, 2 x COCH2), 
7.15 (2 H, dd, J 3.8 and 4.8 Hz, 2 x SCH=CH), 7.65 (2 H, dd, J 0.9 and 4.8 Hz, 2 x 
SCH=CHCH), 7.83 (2 H, dd, J 0.9 and 3.8 Hz, 2 x SCH); Oc (400 MHz, CDCh) 33.2 
(2 x CH2), 128.2 (2 x CH), 132.2 (2 x CH), 137.7 (2 x CH), 143.7 (2 x C), 191.4 (2 x 
C); m/z (El) 250 (M+, 65 %), 111 (100 %). Accurate mass: found 250.0125, 
C12HIO02S2 requires 250.0122. 
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2.3.2 Synthesis of Thiophene-Pyrrole-Thiophene systems 
Synthesis of 2,5-bis(2-thienyl}-lH-pyrro[e44 
34 
A mixture of a 1,4-bis(2-thienyl)-1,4-butanedione (32) (2.94 g, 12 mmol) in 
glacial acetic acid (60 ml) was charged with anhydrous ammonium acetate (9.87 g, 
120 mmol) and acetic anhydride (3 mJ, 24 mmol). The reaction mixture was stirred 
and heated under reflux for 4 h. The cooled solution was poured into 150 ml of a 
saturated sodium carbonate aqueous solution. The solution was extracted with 
dichloromethane (3 x 20 ml). The combined organic layer was washed with brine, 
dried over anhydrous magnesium sulfate, and concentrated under vacuum. The 
residue was purified by flash column chromatography using silica gel 
(hexane:dichloromethane 1:1) to give a yellow solid (34) (2.06 g, 76 %). The product 
was crystallized from hot hexane. mp 84-85 °C (lit.44 83-84 0C); vrnax/cm·1 (film) 
3439,3107,3066, 1620, 1413, 1261, 1197,777,690; dH (400 MHz, CDCI3) 6.43 (2 
H, d, J 2.6 Hz, 2 x NC=CH), 7.04 (2 H, dd, J 3.5 and 4.9 Hz, 2 x SCH=CH), 7.09 (2 
H, dd, J 1.2 and 3.5 Hz, 2 x SCH=CHCH), 7.18 (2 H, dd, J 1.2 and 4.9 Hz, SCH), 
8.30 (1 H, br s, NH); de (400 MHz, CDCh) 108.5 (2 x CH), 121.2 (2 x CH), 123.0 (2 
x CH), 127.4 (2 x C), 127.8 (2 x CH), 135.7 (2 x C). ); mlz (El) 231 (M., 100 %), 
231 (lOO %). Accurate mass: found 231.0178, CI2H9NS2 requires 231.0177. 
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Synthesis o/N-methyl-2,5-bis(2-thienYl)pyrrolt?-1 
I s 
CH3 
40 
A 100 ml round bottom flask was charged with 1 ,4-bis(2-thienyl)-1 ,4-butanedione 
(32) (1.75 g, 7.02 mmol), toluene (50 ml) and glacial acetic acid (10 ml). 20 ml ofan 
aqueous methylamine solution (40 %) was added slowly to this mixture. The flask 
was equipped with a Dean-Stark and the reaction was stirred and heated under reflux 
for 18 h with the constant removal of water by azeotropic distillation. The reaction 
mixture was concentrated in vacuo and the residue dissolved in dichloromethane (50 
ml). This solution was washed with an aqueous solution of sodium bicarbonate (3 x 
10 ml) and brine. The organic solution was dried over magnesium sulfate and the 
solvent removed in vacuo. The brown solid was purified by column chromatography 
over silica gel (9: 1 hexane:dichloromethane), to afford the titled compound as s 
white solid (40) (1.57 g, 91 %); mp 112-113 °C (lit.21 109-110 °C); vmaxfcm-I (film) 
3104, 2983, 1656, 1446, 1417, 1390, 1203, 842, 766, 696; OH (400 MHz, CDCh) 
3.74 (3 H, s, CH3), 6.36 (2 H, s, 2 x NC=CH), 7.07 (2 H, dd, J 1.2 and 3.6 Hz, 2 x 
SCH=CHCH), 7.10 (2 H, dd, J3.6 and 4.8 Hz, 2 x SCH=CH), 7.30 (2 H, dd, J 1.2 
and 4.8 Hz, 2 x SCH); Oc (400 MHz, CDCh) 34.0 (CH3), 110.5 (2 x CH), 125.4 (2 x 
CH), 125.9 (2 x CH), 127.8 (2 x CH), 129.6 (2 x C), 135.3 (2 x C); mlz (FAB) 245 
(M+, 100 %), 245 (100 %). Accurate mass: found 245.0331, C\3HIINS2 requires 
245.0333. 
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Synthesis ofN-(1-hexyl)-2,5-bis(2-thienYl)pyrrole45 
41 
A 100 ml round bottom flask was charged with 1,4-bis(2-thienyl)-1,4-butanedione 
(32) (1.12 g, 4.48 mmol), toluene (55 ml) and glacial acetic acid (5 ml). Hexylamine 
(1.76 g, 17.39 mmol) was added dropwise to this solution. The flask was equipped 
with a Dean-Stark and the reaction was stirred and heated under reflux for 18 h with 
the constant removal of water by azeotropic distillation. The reaction mixture was 
concentrated under vacuum and the dark residue dissolved in dichloromethane (50 
ml). The resulting solution was washed with an aqueous solution of sodium 
bicarbonate (3 x 10 ml) and brine. The organic fraction was dried over magnesium 
sulfate and the solvent removed in vacuo. The brown oil was purified by flash 
column chromatography (hexane) to afford the titled compound (41) as a colourless 
oil (0.99 g, 78 %). vmax!cm- I (film) 3103, 3071, 1667, 1427, 1197,845,766,692; OH 
(400 MHz, CDCI3) 0.88 (3 H, t, J 7.0 Hz, CH3), 1.19-1.29 (6 H, m, 
CH2CH2CH2CH3), 1.64 (2 H, m, NCH2CH2), 4.22 (2 H, t, J 7.9 Hz, NCH2), 6.43 (2 
H, s, 2 x NC=Cll), 7.14-7.17 (4 H, m, 2 x (SCH=CH and SCH=CHCll», 7.37 (2 H, 
dd, J2.7 and 3.5 Hz, 2 x SCll); oe (400 MHz, CDCh) 14.0 (CH3), 22.5 (CH2), 26.2 
(CH2), 31.2 (2 x CH2), 45.2 (CH2), 110.8 (2 x CH), 125.1 (2 x CH), 126.0 (2 x CH), 
127.3 (2 x CH), 128.4 (2 x C), 135.1 (2 x C); m/z (FAB) 315 (M+, 100 %), 315 (100 
%). Accurate mass: found 315.1115, C1sH21NS2 requires 315.1115. 
101 
Chapter 2 Experimental 
Synthesis ofN-(3-bromopropyl)-2,5-bis(2-thienyl)pyrrole 
\' 
42 Br 
/; 
The synthesis of this compound will be described in chapter 4. 
Synthesis of N-ben7,YI-2,5-bis(2-thienYl)pyrrole I7 
43 
A lOO mIround bottom flask, was charged with 1,4-bis(2-thienyl)-1,4-butanedione 
(32) (1.12 g, 4.48 mmol), toluene (50 ml) and glacial acetic acid (5 ml). Benzylamine 
(1.85 g, 17.26 mmol) was added dropwise to this solution. The flask was equipped 
with a Dean-Stark and the reaction was stirred and heated under reflux for 18 h with 
the constant removal of water by azeotropic distillation. The reaction mixture was 
concentrated in vacuo and the brown residue dissolved in dichloromethane (50 ml). 
This solution was washed with an aqueous solution of sodium bicarbonate (3 x IS 
ml) and brine. The organic solution was dried over magnesium sulfate and the 
solvent removed under vacuum. The brown solid was purified by column 
chromatography over silica gel (3: I hexane:dichloromethane), to afford the titled 
compound (43) as a white solid (1.27 g, 88 %), which was crystallized from hot 
hexane as colourless crystals. mp 103°C (lit.17 99°C); vmax!cm-1 (film) 3150, 3085, 
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1653, 1456, 852; OH (400 MHz, CDCh) 5.29 (2 H, s, NCH2Ph), 6.39 (2 H, s, 2 X 
NC=CR), 6.70 (2 H, dd, J 1.2 and 3.6 Hz, 2 X SCH=CHCR), 6.83 (2 H, dd, J3.6 and 
5.0 Hz, 2 X SCH=CR), 6.87-6.89 (2 H, m, 2 X ArR), 7.10 (2 H, dd, J 1.2 and 5.0 Hz, 
2 x SCR), 7.20-7.22 (3 H, m, 3 x ArR); Oc (400 MHz, CDCh) 49.1 (CH2), 111.3 (2 X 
CH), 125.5 (2 x CH), 125.6 (2 x CH), 126.0 (2 x CH), 127.5 (CH), 127.8 (2 x CH), 
129.2(2 x CH), 129.5 (2 x C), 135.0 (2 x C), 139.7 (C); mlz (El) 321 (M\ 47 %), 230 
(100 %). Accurate mass: found 321.0642, C19H1SNS2 requires 321.0646. 
Synthesis ofN-(4-methylben7,YI}-2,5-bis(2-thienyl}pyrrole 
44 
A 100 ml round bottom flask was charged with 1 ,4-bis(2-thienyl)-1 ,4-butanedione 
(32) (1.12 g, 4.48 mmol), toluene (50 ml) and glacial acetic acid (5 ml). 4-
methylbenzylamine (2.13g, 17.58 mmol) was added dropwise to the solution. The 
flask was equipped with a Dean-Stark and the reaction was stirred and heated under 
reflux for 18 h with the constant removal of water by azeotropic distillation. The 
reaction mixture was concentrated in vacuo and the residue dissolved in 
dichloromethane (50 ml). The resulting solution was washed with an aqueous 
solution of sodium bicarbonate (3 x 10 ml) and brine. The organic solution was dried 
over magnesium sulfate and the solvent removed. The brown solid was purified by 
column chromatography over silica gel (4:1 hexane:dichloromethane) to afford the 
titled compound (44) as a white solid (1.29 g, 86 %), which was crystallized from hot 
hexane as colourless crystals. mp 82-84. °C; vmax/cm·1 (film) 3101, 2920,1514, 1406, 
843,762,692; OH (400 MHz, CDCh) 2.32 (3 H, s, CH3), 5.32 (2 H, s, NCH2Ph), 6.46 
(2 H, s, 2 x NC=CR), 6.79 (2 H, dd, J 1.2 and 3.6 Hz, 2 x SCH=CHCR), 6.85 (2 H, 
d, J 8.2 Hz, 2 x ArR), 6.89 (2 H, dd, J 3.6 and 5.2 Hz, SCH=CR), 7.10 (2 H, d, J 8.2 
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Hz, 2 X Arll), 7.16 (2 H, dd, J 1.2 and 5.2 Hz, 2 X SCll); Oc (400 MHz, CDCb) 21.2 
(CH3), 48.6 (CH2), 110.6 (2 X CH), 125.1 (2 X CH), 125.4 (2 X CH), 125.5 (2 X CH), 
127.1 (2 X CH), 129.1 (2 X C), 129.7 (2 X CH), 134.7 (2 X C), 136.3 (C), 136.7 (C); 
m/z (FAB) 335 (M., 100 %), 335 (100 %). Accurate mass: found 335.0801, 
C2oH17NS2 requires 335.0803. 
Synthesis of N-(4-methoxybenzyl)-2,5-bis(2-thienyl)pyrroJe 
45 
A 100 ml round bottom flask was charged with 1,4-bis(2-thienyl)-1,4-butanedione 
(32) (1.13 g, 4.52 mmol), toluene (50 ml) and glacial acetic acid (5 ml). 4-
methoxybenzylamine (2.52 g, 18.37 mmol) was added dropwise to this solution. The 
flask was equipped with a Dean-Stark and the reaction was stirred and heated under 
reflux for 18 h with the constant removal of water by azeotropic distillation. The 
reaction mixture was concentrated in vacuo and the residue dissolved in 
dichloromethane (50 ml). This solution was washed with an aqueous solution of 
sodium bicarbonate (3 X 10 ml) and brine. The organic solution was dried over 
magnesium sulfate and the solvent removed under vacuum. The brown solid was 
purified using a column chromatography over silica gel (hexane:dichloromethane 
2:1) to afford the littled compound (45) as a white solid (0.79 g, 50 %), which was 
crystallized from hot. hexane and dichloromethane as colourless crystals. mp 84-86 
cC; vmaxlcm·1 (film) 3102, 3073, 2932, 2834, 1512, 1406, 1248, 1346, 1248, 843, 
820,773,696; OH (400 MHz, CDCb) 3.77 (3 H, s, CH3), 5.30 (2 H, s, NCH2Ph), 6.45 
(2 H, s, 2 X NC=CH), 6.82 (2 H, dd, J 1.2 and 3.5 Hz, 2 X SCH=CHCll), 6.84-6.87 
(4 H, m, 4 X Arll), 6.94 (2 H, dd, J3.5 and 5.1 Hz, 2 X SCH=CH), 7.21 (2 H, dd, J 
104 
Chapter 2 Experimental 
1.2 and 5.1 Hz, 2 X SCH); Oc (400 MHz, CDCb) 48.2 (CH2), 55.3 (CH3), 110.6 (2 X 
CH), 114.3 (2 X CH), 124.9 (2 X CH), 125.1 (2 X CH), 126.8 (2 X CH), 12704 (2 X 
CH), 12804 (2 X C), 131.3 (C), 134.7 (2 X C), 158.6 (C); m/z (FAB) 351 (M., 35 %), 
121 (100 %). Accurate mass: found 351.0754, C2oH17NOS2 requires 351.0752. 
Synthesis of N-( 4-nitrobenzyl)-2,5-bis(2-thienyl)pyrrole 
A 50 ml round bottom flask was charged with 1,4-bis(2-thienyl)-I,4-butanedione 
(32) (0043 g, 1.72 mmol), toluene (30 ml) and glacial acetic acid (2 ml). 4-
nitrobenzylamine (0041 g, 2.69 mmol) was added dropwise to this solution. The flask 
was equipped with a Dean-Stark and the reaction was stirred at reflux overnight with 
the constant removal of water by azeotropic distillation. The reaction mixture was 
concentrated in vacuo and the residue dissolved in dichloromethane (50 ml). This 
solution was washed with aqueous sodium bicarbonate solution (3 X 15 ml) and 
, 
brine. The organic solution was dried over magnesium sulfate and the solvent 
removed in vacuo. The brown solid was purified by column chromatography over 
silica gel (2:1 hexane:dichloromethane) to afford the titled compound (46) as yellow 
solid (0040 g, 64 %), which was crystallized from hot hexane and dichloromethane as 
orange crystals. mp 74-75 cC; vrnax/cm·1 (film) 3106, 3075, 2934, 2853, 1603, 1518, 
1404,1342,1225,843,733,700; OH (400 MHz, CDCb) 5.44 (2 H, s, NCH2Ph), 6048 
(2 H, s, 2 X NC=CH), 6.82 (2 H, dd, J 1.1 and 3.5 Hz, 2 X SCH=CHCH), 6.97 (2 H, 
dd, J3.5 and 5.2 Hz, 2 X SCH=CH), 7.07 (2 H, d, J8.7 Hz, 2 X ArH), 7.24 (2 H, dd, 
J 1.1 and 5.2 Hz, 2 X SCH), 8.15 (2 H, d, J 8.7 Hz, 2 X ArH); Oc (400 MHz, CDCb) 
4804 (CH2), 111.6 (2 x CH), 124.1 (2 x CH), 125.9 (2 x CH), 126.0 (2 x CH), 126.6 
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(2 X CH), 128.1 (2 X CH), 128.9 (2 X C), 134.0 (2 X C), 146.6 (C), 147.2 (C); mlz 
(FAB) 366 (M+, 100 %), 366 (100 %). Accurate mass: found 366.0497, 
C.9H.~202S2 requires 366.0497. 
2.3.3 Synthesis ofEDOT-Pyrrole-EDOT systems 
Synthesis o/2-/ormyl-3,4-ethylenedioxythiophene32 
Phosphorus oxychloride (0.77 g, 5.02 mmol) was added to 8 ml of 
dimethylformamide (DMF) at 0 °C and the mixture was stirred for 15 min. A 
solution of 3,4-ethylenedioxythiophene (EDOT) (25) (0.72 g, 5.07 mmol) in 5 ml of 
DMF was then added to this solution dropwise over a period of 30 min at 0 °C. The 
mixture was stirred overnight and heated at 70 °C for 1 h after which, the reaction 
mixture was cooled and poured into ice. The precipitated product (38) was filtered, 
washed with water and dried in vacuo, which was used without further purification. 
(0.65 g, 75 %). mp 141.5-142 °C (lit.32 142 0C); vrnaxfcmo • (film) 3107, 1647, 1439, 
1260, 1179, 1067,910, 696; OH (400 MHz, CDCh) 4.25-4.29 (2 H, rn, OCH2), 4.34-
4.38 (2 H, m, OCH2), 6.79 (1 H, s, SCH), 9.89 (1 H, s, CHO); Oc (400 MHz, CDCh) 
64.8 (CH2), 65.7 (CH2), 111.2 (CH), 118.9 (C), 142.2 (C), 148.9 (C), 180.6 (CH); 
mlz (El) 170 (M+, 100 %), 170 (100 %). Accurate mass: found 170.0037, C7H603S 
requires 170.0038. 
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Synthesis of 1,4-bis(3,4-ethylenedioxy-2-thienyl)-1,4-butanedione 
37 
A mixture of 2-formyl-3,4-ethylenedioxythiophene (38) (0.43 g, 2.51 mmol), 3-
benzyl-5-(2-hydroxyethyl)-4-methylthiazolium chloride (31) (0.36 g, 1.34 mmol), 
sodium acetate (0.23 g, 2.82 mmol) and dried absolute ethanol (25 ml) was heated 
under reflux temperature under a nitrogen atmosphere. Divinyl sulfone (30) (0.17 g, 
1.42 mmol) was added dropwise and the mixture was heated under reflux for another 
extra 17 h. The resulting precipitate was filtered, washed with ethanol and dried in 
vacuo. A slightly white solid (37) was obtained, which was used without further 
purification (0.19 g, 41 %). mp ) 350°C (unmelted); vmaxfcm-1 (film) 3105, 2995, 
2939, 1636, 1298, 854, 694; OH (400 MHz, DMSO-d6, 100°C): 3.14 (4 H, s, 2 x 
COCH2) 4.26-4.28 (4 H, m, 2 x OCH2), 4.41-4.43 (4 H, m, 2 x OCH2), 7.10 (2 H, s, 
2 x SCll); Oc (400 MHz, DMSO-d6, 100°C) 34.8 (2 x CH2), 63.9 (2 x CH2), 65.5 (2 
x CH2), 108.1 (2 x CH), 118.7 (2 x C), 141.9 (2 x C), 145.1 (2 x C), 189.7 (2 x C); 
m/z (FAB) 366 (M+, 2 %),137 (100 %). Accurate mass: found 366.0240, Cl6Hl40 6S2 
requires 366.0232. 
Synthesis of N-benzyl-2,5-bis(3,4-ethylenedioxy-2-thienyl)pyrrole 
39 
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A 25 ml round bottom flask was charged with 1,4-bis(3,4-ethylenedioxy-2-
thienyl)-1,4-butanedione (37) (0.08 g, 0.22 mmol), toluene (12 ml) and glacial acetic 
acid (2 ml). Benzylarnine (0.17 g, 1.55 mmol) was added dropwise to this solution. 
The flask was equipped with a Dean-Stark and the reaction was stirred at reflux 
overnight with the constant removal of water by azeotropic distillation. The reaction 
mixture was filtered and the resulting solution concentrated in vacuo. The brown 
residue was dissolved in dichloromethane (50 ml) and washed with an aqueous of 
sodium bicarbonate (3 x 10 ml) and brine. The organic fraction was dried over 
magnesium sulfate and the solvent removed under reduced pressure. The brown oil 
was purified by column chromatography over silica gel (hexane:dichloromethane 
1:1) to afford the titled compound (39) as a pale green oil (0.05 g, 50%). vrnax!cm-1 
(film) 3104, 2924, 2870, 1431, 1364, 1170, 1071, 1071,909,721; dn (400 MHz, 
CDCh): 4.01-4.07 (8 H, m, 2 x OCH2CH20), 5.17 (2 H, s, NCH2Ph), 6.19 (2 H, s, 2 
x NC=CH), 6.32 (2 H, s, 2 x SCll), 6.71 (2 H, dd, J2.18 and 7.88 Hz, 2 x Arll), 
7.03-7.09 (3 H, m, 3 x Arll); de (400 MHz, CDCh) 49.0 (CH2), 64.5 (2 x CH2), 64.6 
(2 x CH2), 99.2 (2 x CH), 108.8 (2 x C), 111.9 (2 x CH), 125.6 (2 x C), 126.4 (2 x 
CH), 126.6 (CH), 128.1 (2 x CH), 138.5 (2 x C),138.8 (C), 141.2 (2 x C); m/z (FAB) 
437 (Mt, 20 %), 91 (100 %). Accurate mass: found 437.0759, C12H2002S requires 
228.1184. 
108 
Chapter 2 References 
2.4 References 
1 A. Dall'Olio, Y. Dascola, V. Varacco, C. R. Bocchi, Comptes Rendus des 
Seanses de L 'Academie des Sciences. Serie C. 1968,267,433. 
2 A. O. Pati!, J. Heeger, F. Wudl, Chemical Reviews, 1988,88, 183. 
3 K. K. Kanazawa, A. F. Diaz, R. H. Geiss, W. D. Gill, J. F. Kwak, J. A. 
Logan, J. F. Rabolt, G. B. Street, Journal of the Chemical Society, Chemical 
Communications, 1979,635. 
4 J. K. Stille, Angewandte Chemie International Edition, 1986,25,508. 
5 J. L. Reddinger, J. R. Reynolds, Advances in Polymer Science, 1999,145, 57. 
6 A. R. V. Benvenho, J. P. M. Serbena, R. Lessmann, I. A. Hiimmelgen, 
Brazilian Journal of Physics, 2005, 35,1016. 
7 J. Gao, AJ. Heeger, J.Y. Lee, C.Y. Kim, Synthetic Metals, 1996, 82, 221. 
8 P. A. Chaloner, S. R. Gunatunga, P. B. Hitchcock, Journal of the Chemical 
Society, Perkin Transactions 2, 1997, 1597. 
9 M. R. Bryce, A. Chissel, P. Kathirgamanathan, D. Parker, N. R. M. Smith, 
Journal of the Chemical Society, Chemical Communications, 1987,466. 
10 L. Groenendaal, F. Jonas, D. Freitag, H. Pielartzik, J. R. Reynolds, Advanced 
Materials, 2000, 12, 481. 
11 A. Kumar, J. R. Reynolds, Macromolecules, 1996,29, 7629. 
12 L. Groenendaal, G. Zotti, P. Aubert, S. M. Waybright, J. R. Reynolds, 
Advanced Materials, 2003, 15,855. 
13 M. F. Pepitone, K. Eaiprasertsak, S. S. Hardaker, R. V. Gregory, Organic 
Letters, 2003, 5, 3229. 
14 S. Akoudad, P. Frere, N. Mercier, J. Roncali, Journal of Organic Chemistry, 
1999,64,4267. 
15 A. Kraft, A. C. Grimsdale, A. B. Holmes, Angewandte Chemie International 
Edition, 1998,37,402. 
16 M. F. Petitone, S. S. Hardaker, R. V. Gregory, Chemistry of Materials, 2003, 
15,557. 
17 P. E. Just, K. I. Chane-Ching, P. C. Lacaze, Tetrahedron, 2002,58,3467. 
109 
Chapter 2 References 
18 W. J. Feast, J. Tsibouklis, K. L. Pouwer, L. Groenendaal, E. W. Meijer, 
Polymer, 1996,37,5017. 
19 D. Vangeneugden, R. Kiebooms, P. Adriaensens, D. Vanderzande, J. Desmet, 
G. Huyberechts, Acta Polymerica, 1998,49,687. 
20 J. Raimundo, P. Blanchard, H. Brisset, S. Akoudad, J. Roncali, Chemical 
Communications, 2000, 939. 
21 J. P. Ferraris, G. D. Skiles, Polymer, 1987,28, 179. 
22 B. A. MerriIl, E. LeGoff, Journal of Organic Chemistry, 1990, 55, 2904. 
23 D. L. Meeker, D. S. K. Mudigonda, J. M. Osbom, D. C. Loveday, J. P. 
Ferraris, Macromolecules, 1998,31,2943. 
24 J. W. McFarland, B. M. Howe, J. D. Lehmkunbler, D. C. Myers, Journal of 
Heterocyclic Chemistry, 1995,32, 1747. 
25 K. Ogura, H. Yanai, M. Miokawa, M. Akazome, Tetrahedron Letters, 1999, 
40,8887. 
26 H. Stetter, H. Bender, Chemische Berichte, 1981,114,1226. 
27 Z. Mekbalif, A. Lazarescu, L. Hevesi, J-J. Pireaux, J. Delhalle, Journal of 
Materials Chemistry, 1998,8,545. 
28 L. F. Schweiger, K. S. Ryder, D. G. Morris, A. Glidle, J. M. Cooper, Journal 
of Materials Chemistry, 2000, 10,107. 
29 Y. Chen, C. T. Imrie, K. S. Ryder, Journal of Materials Chemistry, 2001, 11, 
990. 
30 N. Wang, K. Teo, H. J. Anderson, Canadian Journal of Chemistry, 1977,55, 
4112 
31 P. Ibison, P. J. S. Foot, J. W. Brown, Synthetic Metals, 1996, 76,297. 
32 A. K. Mohanakrishnan, A. Hucke, M. A. Lyon, M. V. Lakshmikantbam, M. 
P. Cava, Tetrahedron, 1999,55, 11745. 
33 J. Huang, M. Shi, Tetrahedron Letters, 2003, 44, 9343. 
34 M. Kakushima, P. Hamel, R. Frenette, J. Rokach, Journal of Organic 
Chemistry, 1983,48,3214. 
35 L. Scweiger, Ph.D. Thesis: "Strategies towards functionalized conducting 
organic polymers", University of Aberdeen, 2000. 
36 1. Roncali, Chemical Reviews, 1997,97, 173. 
110 
Chapter] References 
37 J. P. Ferraris, R. G. Andres, D. C. Hrncir, Journal of the Chemical Society, 
Chemical Communications, 1989, 1318. 
38 J. L. Bredas, G. B. Street, B. Thennans, J. M. Andre, The Journal of 
Chemical Physics, 1985,83,1323. 
39 R. E. Niziurski-Mann, C. Scordilis-Kelley, T. Liu, M. P. Cava, R. T. Carlin, 
Journal of the American Chemical Society, 1993,115,887. 
40 J. Palenzuela Conde, M. R. J. Elsegood, K. S. Ryder, Acta Crystallographica 
Section C, 2004, C60, 0166. 
41 B.Liedberg, Z. Yang, I. Engquist, M. Wirde, P. Bauerle, R. M. Rurnrnel, Ch. 
Ziegler, W. Gopel,Journal of Physical Chemistry B, 1997,101,5951. 
42 R. G. Hicks, M. B. Nodwell, Journal of American Chemical Society, 2000, 
122,6746. 
43 H. Matsubara, S. Yasuda, R. Ilhyong, Synthetic Letters, 2002,2,247. 
44 H. Wynberg, J. Matse1ar, Synthetic Communications, 1984,14,1. 
45 C. Aleman,V. M. Domingo, Ll. Fajari, L. JuJia, A. Karpfen, Journal of 
Organic Chemistry, 1998,63, 1041. 
111 
Chapter 3 Introduction 
3 Synthesis of polyfluorenes and their monomers 
precursors 
3.1 Introduction 
Fluorene-based oligomers and polymers are a promising candidate for blue light 
emitting materials!, which is very difficult to achieve in inorganic electroluminescent 
devices2• Polyfluorenes (Figure 3.1) were quickly investigated due to their 
exceptional e1ectrooptical properties for applications in light emitting diodes. 
Polyfluorenes are the only conjugated polymers that can emit colours in the whole 
visible range. Other interesting properties are offered by polyfluorenes and their 
derivatives, such as thermochromism and base-doping conducting polyelectrolytes3• 
Figure 3.1 
Structure of poly fluorene (when R = R' = H); or poly(9,9-dialkylfluorene} (when 
R = R • = alkyl). 
Polyfluorene derivatives are a particularly suitable class of materials because they 
contain a rigid biphenyl unit, which leads a large band gap with efficient blue light 
emission and a facile substitution at the C-9 position, which provides the possibility 
of improving the solubility and processability of polymer without significantly 
increasing the steric interaction in the polymer backbone4• Most high molecular 
weight polymers do not show very distinct glass transition but those with straight 
alkyl substituent tend to be semicrystalline and exhibit liquid crystalline propertiess. 
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Alkyl substitution at the C-9 position offluorenes (47) is relatively easy to achieve 
due to the labile protons at C-9, as the pK. at this position 22.66.'. Alkyl groups do 
not offer much influence on following deprotonation, as the pK. for methyl and ethyl 
derivative are 22.3 and 22.6 respectively (Scheme 3.1). 
R H 
cm 1 eqBuLi RX 
47 48 
R R 
2eqBuLi 
RX 
21b 
Scheme 3.1 
Substitution at C-9 position after deprotonation. 
Substituted polyfluorene derivatives were first prepared by chemical oxidative 
polymerization of 9-alkyl- and 9,9-dialkylfluorene monomers (48, 2Ib) using 
FeCb8,9.These early polymers appeared to present in relatively low molecular 
weights, poor quality films, and with some degree of branching and non-conjugated 
linkages through positions different to C-2 and C-7 appeared. Another problem 
associated with chemical oxidation was the difficulty of removing the residual 
metallic impurities lO• 
To avoid the undesirable branching, and the residual metallic impurities, new 
methods were developed using transition metal catalysed synthesis4 (Scheme 3.2). 
High molecular weight homopolymers and copolymers have been successfully 
prepared by nickel (0), Yamamoto coupling reaction, starting from 2,7-dihalogenated 
fluorenes9,IO,lI. Also, high regiospecifity in polymerisation is obtained usmg 
phosphine-palladium complexes as catalyst, linking arylboronic acids with 
arylhalogenated monomers, in the Suzuki coupling reaction8,12. This reaction 
provides a large number of pure high molecular weight polymers, is largely 
unaffected by the presence of water, tolerates a broad range of functional groups and 
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yields non-toxic by-products13• Stille coupling method has also been successfully 
reported as a process to create polyf1uorenes3• 
a) X X 
R R 
X=CI,Br,1 
b) Br Br + 
R R 
c) Br Br + 
R R 
R R 
Scheme 3.2 
Zn,NiCI2 
DMF 
R R 
Pd(Ph3l4. 2 % mol 
K2C03 2M 
THF 
n 
R R 
PdC12(pPh3n I % mol 
THF 
n 
n 
R R 
Summary of transition metal catalysed reactions applied to the synthesis of 
polyfluorenes: a) Yamomoto coupling, b) Suzuki coupling and c) Stille couplint. 
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The previous halogenation step in the metal catalysed reaction can be achieve with 
bromine and a Lewis acid catalyst, such as ferric chloride in chloroform in the dark 
to avoid aliphatic brominations8,14 (Scheme 3.3). 
R R R R 
Br, 
____ , Br Br 
FeCI] 
Scheme 3.3 
Bromination at the position 2 and 7 of the fluorene using bromine. 
High molecular weight copolymers have been synthesised using aromatic amines, 
the alternating copolymer are all blue emitters, excellent film formers, and soluble in 
conventional organic solvents. Other copolymers with thiophenes, bithiophene, or 
triarylamine units are highly photoluminescent and their emissive colours can be 
qualitatively correlated to the extent of delocalization in the comonomers4• In the 
case of thiophene, the copolymer emits bluish green light, the cyanostilbene 
copolymer emits green light, and the bithiophene emits yellow light. Copolymers of 
fluorene have shown very good performance in multilayer polymer light emitting 
devices15 (Figure 3.2). In these devices, in order to help the hole charge injection, a 
layer of poly(ethylenedioxythiophene) (14) doped with poly(styrene sulfonic acid) 
(15) (PEDOT-PSS) is introduced between the ITO (indium-tin oxide) anode and the 
fluorene-based copolymer. 
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a) 
b) 
c) 
Figure 3.2 
Repeat unit of the fluorene-based alternating copolymers used in light emitting 
diodes for a) red, b) green and c) blue electroluminescence. 
Thus, the choices of the comonomer in a fluorene based polymer have served as an 
excellent synthetic tool for designing polymers with well balanced hole and electron 
transport properties and fine colour control. This is the reason why they have been 
intensively studied. 
Polyfluoerene materials show other advantages in addition to those explained 
above, such as good thermal stability, high solubility and good quantum 
e1ectroluminescent yields in dilute solutions and in solid state16• 
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3.2 Results and Discussion 
The work described in this chapter is based on the synthesis of fluorene (47) as a 
monomer suitable for its polymerisation and subsequent application in an 
electroluminescent device. 
The fluorene derivatives have been synthesised though several substitutions at the 
C-9 position and the polymerisation has been achieved after bromination and the 
following coupling by metal catalysed reaction. 
3.2.1 Synthesis of fluorene derivatives 
The substitutions in fluorenes were achieved after a deprotonation at C-9 and 
subsequent treatment with an alkyl bromide. This technique has been successful and 
monosubstituted and disubstituted fluorenes have been synthesised. 
3.2.1.1. Synthesis of 9-butylfluorene 
There are many publications reporting substitutions at the C-9 position of the 
fluorene7,10,17,18,19(47), and methodology followed is mainly the same. Deprotonation 
is achieved using n-butyllithium, followed by the employment of a halogenated 
molecule, as a way to introduce the substituent group into the fluorene backbone. 
In the synthesis of 9-butylfluorene (49), special care was taken in the 
stoichiometry and order of the reagents employed (Scheme 3.1). As described earlier 
in this chapter, the pKa of both protons at C-9 position is similar, so double 
deprotonation and substitution can be achieved. Hence, one equivalent of n-
butyllitium and an excess of bromobutane were employed. After extraction and 
separation of the compounds of the mixture of reaction, the titled compound (49) 
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(Figure 3.3) could be identified but also some degree of disubstituted fluorene (50) 
(Figure 3.4) and unsubstituted fluorene (47). 
Figure 3.3 
9-butylfluorene (49). 
3.2.1.2 Synthesis of 9,9-dibutylfluorene 
H 
49 
The synthesis of 9,9-dibutylfluorene (50) (Figure 3.4) was also attempted 
following the same methodology explained for the monoalkylsubstituted fluorene 
(49) (Scheme 3.1) but increasing the equivalents ofbase. More than two equivalents 
of n-butyIlithiurn were employing this time to ensure the double deprotonation and 
substitution. After the reaction, the characterisation of the crude of reaction allowed a 
mixture of monosubstituted (49) and disubstituted fluorenes (50), which were 
separated using a chromatography column and hexane as an eluting solvent. 
Figure 3.4 
9,9-dibutylfluorene (50). 
50 
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3.2.1.3 Synthesis of 9-(3-bromopropyl)fluorene 
A detailed discussion about the synthesis of 9-(3-bromopropyl)fluorene (51) 
(Figure 3.5) can be found in chapter 4. 
Figure 3.5 
9-(3-bromopropy/)fluorene (51). 
3.2.2 Synthesis of polyfluorenes 
Br 
51 
The synthesis of polyfluorenes was achieved from the 2,7-dihalogenated fluorene 
derivatives, followed by a Yamamoto nickel catalysed reaction. 
3.2.2.1 Synthesis of2,7-dibromo-9-butylfluorene 
The synthesis of 2,7-dibromo-9-butylfluorene (52) (Figure 3.6) was achieved in 
order to have a suitable material for the consequent polymerisation by Yamamoto 
coupling reaction. 
The methodology employed used molecular bromine in conjunction with ferric 
chloride in chioroform8,IO,14 (Scheme 3.3). The reaction proceeded in the dark in 
order to avoid aliphatic bromination. A detailed description of the procedure 
employed can be found in the experimental section of this chapter. 
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Figure 3.6 
2,7-dibromo-9-butylfluorene (52). 
Br 
52 
3.2.2.2 Synthesis of2,7-dibromo-9,9-dibutylfluorene 
Results and Discussion 
The bromination of the two fold buthylated fluorene (50) was also attempted. The 
synthesis proceeded with bromine, ferric chloride in chloroform in the same manner 
as explained for the single alkylated derivative (49) (Scheme 3.3). After reaction and 
isolation of the product, a pale brown oil was obtained, which solidified on standing. 
A detailed procedure of the synthesis can be found in the experimental section of this 
chapter. 
Br Br 
53 
Figure 3.7 
2, 7-dibromo-9,9-dibutylfluorene (53). 
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3.2.2.3 Synthesis ofPoly(9-butylfluorene) 
The method applied for the synthesis of this polymer (54) (Figure 3.8) followed 
the Yamamoto coupling pattem9,20,21, in which the use of nickel (0) as a catalyst is 
needed. The mechanism of the reaction was showed in chapter I (Scheme 1.15). 
Figure 3.8 
Poly(9-butylfluorene) (54). 
54 
The polymerisation of 9-butylfluorene (49) was carried using 2,7-dibromo-9-
butylfluorene (52) in N,N-dimethyl formamide (DMF), using zinc as the reductant of 
the oxidised nickel, which was introduced as nickel (1I)10,22. The redox process was 
achieved due to the most negative reducing potential of Zn2+ (Ked = -0.763 V) versus 
Ni2+ (Ked = -0.250 V), which made zinc (0) oxidised to zinc (lI) and nickel (1I) 
reduced to nickel (0). 
After reaction, the polymer was precipitated with methanol providing a yellow 
powder, of 35 % yield. See the experimental part of this chapter for explanation of 
the procedure. 
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3.2.2.4 Synthesis of a copolymer using 2,7-dibromo-9,9-dibutylfluorene 
and 2,7-dibromo-9-butylfluorene with a mixed ratio of 85:15 
For the synthesis' of this copolymer (55) (Figure 3.9), a 85:15 mixture of 2,7-
dibromo-9,9-dibutylfluorene (53) (Figure 3.7) and 2,7-dibromo-9-butylfluorene (52) 
(Scheme 3.6) was employed. 
u 
". 55 
Figure 3.9 
Copolymer (55) and the comonomers employed/or its random polymerisation. 
The synthesis proceeded as explained in the experimental section. A green solid, 
and a green solution ware obtained after pouring the reaction mixture in methanol. 
The solid collected was found not to be soluble in tetrahydrofuran (THF), DMF, 
toluene and dichloromethane. However, the solid was dissolved in an aqueous 
solution of hydrochloric acid, which suggested that the insoluble green powder 
belonged to metallic impurities of catalyst. The soluble fraction of product from the 
reaction mixture soluble in methanol was acidified with hydrochloric acid. The 
solution was washed with chloroform and a yellow oil was obtained. This oil emitted 
in yellow colour when was exposed to a UV radiation at 365 urn and also a blue 
colour when a solution of the same oil in chloroform was prepared and exposed at 
the same conditions (Figure 3.10). Polyfluorenes have been demonstrated to show 
strong blue photoluminescence in solution 1,23. 
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Figure 3.10 
Results and Discussion 
On the left a picture of a conical flask with the polymer oil in a chloroform 
solution and round-bottomed jlask with the yellow oil. Shown on the right, a 
picture of the same under a 365 nm UV light. 
3.2.2.4 Attempted synthesis of poly(9-(3-bromopropyl)fluorene) 
The synthesis of poly(9-(3-bromopropyl)fluorene) (56) (Figure 3.11) was also 
attempted, as a method to obtain a brominated alkyl ending, which could allow 
substitutions over the bromine atom in the polymer. 
Figure 3.11 
Poly(9-(3-bromopropyl)jluorene) (56). 
56 
Br 
This method would allow the versatile attainment of polyfluorenes substituted at 
the C-9 positions with several mesogenic groups. It would be an effective method of 
synthesis of different polyfluorenes, since the manipulation of monomers with large 
mesogenic groups is quite limited due to in principle, their low solubility. 
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The synthesis started with the double bromination of 9-(3-bromopropyl)fluorene 
(51) (Figure 3.5) at position 2 and 7 (Scheme 3.3). The synthesis of 2,7 -dibromo-9-
(3-bromopropyl)fluorene (57) (Figure 3.12) was achieved under the same conditions 
employed for the bromination of other fluorene monomers (52, 53), explained above. 
Bromine was employed as a brominating reagent and the reaction was catalysed by 
ferric chloride in chloroform. 
Br 
57 
Figure 3.12 
2,7-dibromo-9-(3-bromopropyl)jluorene (57). 
Br 
The proposed polymerisation method was Yamamoto coupling, which uses 
brominated molecules to achieve the coupling under nickel catalyst. The polymer 
precursor proposed for this synthesis, 2,7 -dibromo-9-(3-bromopropyl)fluorene (57) 
was also brominated in the propyl chain. This would be a problem since the 
polymerisation method would lead the attainment of a numerous coupling systems 
through the benzene rings and alkyl chain. To avoid this problem, the bromine atom 
needed to be substituted by a hydroxyl group, which synthesis would pass through 
the synthesis and subsequent hydrolysis of an ester derivative (58) (Scheme 3.4) . 
.. 
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Br 
CH]COONa N.OH 
Br I' Br 
CH]COOH 
Br Br Br 
57 58 59 
Scheme 3.4 
Route of synthesis to achieve 3-(2, 7-dibromo-9-f/uorenyl}1-propanol (59). 
Hence, the proposed synthesis for the ester derivative, 3-(2,7-dibromo-9-
fluorenyl)propyl acetate (58) would be performed with sodium acetate and acetic 
acid as a solvent, consequent hydrolysis under basic conditions would lead to the 
alcohol derivative (59). 
3.2.3 Comments and Conclusions 
The work accomplished in this chapter has been based in the synthesis of fluorene 
derivatives as polymer precursors and polyfluorenes. These compounds are also 
precursors of electroactive materials suitable for the electronic transport layer (ETL) 
. in a double layer organic light emitting devices (OLED). 
The work completed in the synthesis fluorene monomers (47) has achieved 
monosubstitutions and bisubstitutions at C-9 position by several alkyl chains. Also, 
brominations at positions 2 and 7 have been successfully accomplished. 
The synthesis of two polymers has been tried and different conclusions can be 
made. There is a clear relation between the solubility of the polymer and grade of 
alkylation of the monomers. When the grade of alkylation is higher, the solubility of 
the resulting polymer increases. Hence, the monosubstituted polymer was found 
poorly soluble in common solvents and the copolymer formed by bisubstituted and 
monosubstituted monomers more soluble. 
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Also, a route of synthesis was developed with the aim of obtaining a polymer 
suitable for attaching different groups by a SN2 substitution over the bromine atom. 
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3.3 Experimental 
General procedures for the synthesis and characterisation of the compounds are 
described in Appendix 5. 
3.3.1 Synthesis of fluorene derivatives 
Synthesis of 9-butyljluoreni4 
49 
To a 0 °C solution of fluorene (47) (0.18 g, 1.07 mmol) in ether (30 ml), in a 100 
ml sealed round bottom flask, n-butyllithium in hexanes (2.5M) (0.5 ml, 1.25 mmol) 
was added under nitrogen over 20 min. To the resulting yellow solution, 1-
bromobutane (0.20 g, 1.5 mmol) dissolved in 20 ml of ether was added over 30 min. 
After being stirred for 18 h, the reaction mixture was poured into water (50 ml) and 
washed with brine (2 x 20 ml) to afford a bright yellow organic solution. The organic 
fractions were collected and dried over anhydrous magnesium sulfate. The removal 
of the solvent under vacuum afforded a yellow oil, which was purified by column 
chromatography over silica (hexane) giving the titled compound (49) as a yellow oil 
(0.17 g, 71 %). vmax/cm'! 3309,3064,2958,2928, 1740, 1449,773,735; OH (400 
MHz, CDCh) 0.63 (3 H, t, J7.2 Hz, CH3) 1.0-1.3 (4 H, m, CH2CH2CH3), 2.03-2.08 
(2 H, m, PhCHCH2), 4.01 (1 H, t, J 5.5 Hz, PhCR), 7.24-7.32 (4 H, m, 4 x ArR), 
7.44 (2 H, dd, J 1.0 and 7.0 Hz, 2 x ArR), 7.85 (2 H, dd, J 1.5 and 6.6 Hz, 2 x ArR); 
Oc (400 MHz, CDCI3) 14.0 (CH3), 23.3 (CH2), 26.4 (CH2), 39.7 (CH2), 46.7 (CH), 
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119.9 (2 X CH), 123.8 (2 X CH), 127.4 (2 X CH), 129.7 (2 X CH), 14L4 (2 X C), 
145.0 (2 X C); m/z (El) 222 (~, 28 %), 165 (100 %); Accurate mass: found 
222.1405, C17H18 requires 222.1409. 
Synthesis of9,9-dibutyljluorene25 
50 
To a 0 cC solution of fluorene (47) (2.60 g, 15.67 mmol) in ether (100 ml), in a 
250 ml sealed round bottom flask, n-butyllithium in hexanes (2.5M) (16 ml, 40.00 
mmol) was added under nitrogen over 20 min. To the resulting orange solution, 1-
bromobutane (4.80 g, 35.04 mmol) dissolved in 20 ml of ether was added over 30 
min. After being stirred for 18 h, the reaction mixture was poured into water (lOO ml) 
and washed with brine (2 X 20 ml) to afford a bright yellow organic solution. The 
organic fractions were collected and dried over anhydrous magnesium sulfate. The 
removal of the solvent under vacuum afforded a yellow oil, which was purified by 
column chromatography over silica (hexane) giving the titled compound (50) as a 
pale green oil, which solidified on standing (3.26 g, 75 %). mp 53-54 cC (lit.25 55-56 
cC); vmax/cm·1 vmax/cm·1 3476, 3065,3015,2957,1230,2872,1449,770,735; OH (400 
MHz, CDCh) 0.71 (6 H, t, J7.2 Hz, 2 X CH3) 1.11-1.17 (8 H, m, 2 X CH2CH2CH3), 
1.99-2.05 (4 H, m, 2 X PhCCH2), 7.33-7.41 (4 H, m, 4 x ArH), 7.74 (2 H, d,J6.5 Hz, 
2 x ArH), 7.76 (2 H, d, J 6.5 Hz, 2 x ArH); Oc (400 MHz, CDCh) 14.1 (2 x CH3), 
23.3 (2 x CH2), 26.6 (2 x CH2), 43.7 (2 x CH2), 52.9 (C), 119.9 (2 x CH), 123.8 (2 x 
CH), 127.4 (2 x CH), 129.7 (2 x CH), 141.4 (2 x C), 147.0 (2 x C); m/z (FAB) 278 
(~, 13 %), 179 (100 %); Accurate mass: found 278.2032, C21H26 requires 278.2034. 
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Synthesis of 9-(3-bromopropyl)j1uorene26 
Br 
51 
The synthesis of this compound will be described in chapter 4. 
3.3.2 Synthesis of polyfluorenes 
Synthesis of 2, 7-dibromo-9- butylfluorene 
Br '\ Br 
52 
To a solution of9-butylfluorene (49) (0.11 g, 0.48 mmol) in chloroform (2 ml) at 0 
°C in a 5 ml round-bottomed flask, ferric chloride (0.01 g, 0.11 mmol) was added in 
little portions followed by bromine (0.06 ml, 1.17 mmol). The reaction proceeded in 
the dark. The solution was warmed to room temperature and stirred for 3 h. The 
resulting slurry was poured into water and washed with sodium thiosulfate (O.OIM) 
until the red colour disappeared. The aqueous layer was extracted with 
dichloromethane (3 x 10 ml), and the combined organic layers were dried over 
magnesium sulfate to afford a red solid, which was purified by column 
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chromatography over silica gel (hexane) affording the titled compound (52) as a very 
thick oil. (0.17 g, 96 %). vrnax!cm·t 3061, 2957, 2870,1559,1443,1059,772,739; OH 
(400 MHz, CDCb) 0.51 (3 H, t, J 7.2 Hz, CH3) 0.89-0.93 (4 H, m, CH2CH2CH3), 
1.76-2.01 (2 H, m, PhCHCH2), 3.89 (1 H, t, J 5.5 Hz, PhCH), 7.44 (2 H, dd, J 1.8 
and 7.8 Hz, 2 x ArH), 7.49 (2 H, d, J 1.8 Hz, 2 x ArH), 7.53 (2 H, d, J7.8, 2 x ArH); 
oe (400 MHz, CDCI3) 13.8 (CH3), 22.9 (CH2), 25.9 (CH2), 40.1 (CH2), 55.3 (CH), 
121.0 (2 x C), 121.5 (2 x CH), 126.2 (2 x CH), 129.7 (2 x CH), 139.1 (2 x C), 152.9 
(2 x C); mlz (FAB) 378 (M(79Br)+, 5 %), 55 (100 %). Accurate mass: found 
377.9613, Ct7Ht6(79)Br2 requires 377.9618. 
Synthesis of 2, 7-dibromo-9,9-dibutylfluorene 
Br f' '\ Br 
53 
To a solution of 9,9-dibutylfluorene (50) (1.02 g, 3.68 mmol) in chloroform (10 
ml) at 0 °C in a 25 ml round-bottomed flask, ferric chloride (0.01 g, 0.09 mmol) was 
added in little portions followed by bromine (0.40 ml, 7.76 mmol). The reaction 
proceeded in the dark to avoid bromination in the aiiphatic part of the molecule. The 
solution was warmed to room temperature and was further stirred for 3 h. The 
resulting slurry was poured into water and washed with sodium thiosulfate (0.01M) 
until the red colour disappeared. The aqueous layer was extracted with chloroform (3 
x 10 ml), and the combined organic layers were dried over magnesium sulfate to 
afford a yellow oil, which was purified by column chromatography over silica gel 
(hexane) affording the titled compound (53) as a very thick oil (1.47 g, 92 %). 
vrnaxlcm·t 3050, 2953, 2926, 2857, 1559, 1449, 1260, 1057, 802; OH (400 MHz, 
CDCb), 0.61 (6 H, t, J 7.3 Hz, 2 x CH3), 0.99-1.04 (8 H, m, 2 x CH2CH2CH3), 1.82-
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2.01 (4 H, m, 2 x PhCCH2), 7.38 (2 H, dd, J 1.7 and 7.9 Hz, 2 x ArH), 7.43 (2 H, d, J 
1.7 Hz, 2 x ArH), 7.46 (2 H, d, J 7.9,2 x ArH); Oc (400 MHz, CDCh) 13.8 (2 x 
CH3), 23.0 (2 x CH2), 25.8 (2 x CH2), 40.0 (2 x CH2), 55.6 (C), 121.1 (2 x C), 121.5 
(2 x CH), 126.2 (2 x CH), 129.7 (2 x CH), 139.1 (2 x C), 152.9 (2 x C); mlz (FAB) 
434 (M(79Brt, 11 %), 55 (100 %). Accurate mass: found 434.0250, C21H24(79)Br2 
requires 434.0245. 
Synthesis of Poly(9-butylfluorene) 
54 
2,7-dibromo-9-butylfluorene (52) (0.17 g, 0.45 mmol), nickel chloride (0.20 g, 
1.54 mmol), 2,2'-bipyridyl (0.23 g, 1.50 mmol) and zinc (dust) (0.14 g, 2.20 mmol) 
were mixed together in 12 ml of anhydrous DMF, in a 25 ml round-bottomed flask. 
The solution was then heated at 80°C under nitrogen atmosphere. The mixture was 
then kept at 80 °C with constant stirring for 48 h. It was then cooled to room 
temperature and the polymer was precipitated with 20 ml of methanol. The 
precipitate was filtered, washed with an aqueous solution of hydrochloric acid (lM), 
and dried under dynamic vacuum to provide a yellow solid (54) (0.03 g, 34 %); OH 
(400 MHz, CDCh) 0.77 (3 H, br s, CH3), 1.23 (2 H, br s, CH2CH3), 1.49 (2 H, br s, 
PhCHCH2CH2), 2.01 (2 H, br s, PhCHCH2), 4.01 (1 H, br s, PhCH), 7.67-7.73 (4 H, 
br s), 7.70-7.73 (2 H, br s). 
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Synthesis of a copolymer using 2,7-dibromo-9,9-di-n-butylfluorene and 2, 7-
dibromo-9-n-butylfluorene (85:15) 
[ 
ran 
55 
A 85:15 mixture of2,7-dibromo-9,9-dibutylfluorene (53) (0.44 g, 1.02 mmol) and 
2,7-dibromo-9-butylfluorene (52) (0.07 g, 0.18 mmol), nickel chloride (0.19 g, 1.49 
mmol), 2,2'-bipyridyl (0.23 g, 1.47 mmol) and zinc (dust) (0.15 g, 2.30 mmol) were 
mixed together in 11 ml of anhydrous DMF, in a 25 ml round bottom flask. The 
solution was then heated at 80°C under nitrogen atmosphere. The mixture was then 
kept at 80 °C with constant stirring for 48 h. It was then cooled to room temperature 
and the mixture was poured into a beaker with 50 ml of methanol. Some solid 
particles were filtered off and the green solution acidified with concentrated 
hydrochloric acid (5.50 ml). The organic solvent was removed in vacuo and the 
green suspension washed with chlorofonn (3 x 10 ml), allowing a top blue aqueous 
layer and a bottom yellow organic layer. After drying the organic solution over 
magnesium sulfate, and removing the solvent under vacuum, a yellow oil (55) was 
obtained (0.12 g, 38 %); OH (400 MHz, CDCh) 0.59 (hr s) 0.78 (hr s), 1.02 (hr s), 
1.18 (hr s), 1.53 (hr s), 3.95 (hr s), 7.40-7.77 (m). 
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Synthesis of 2, 7-dibromo-9-(3-bromopropyl)fluorine 
Br 
Br I" '\ Br 
57 
In a 100 ml round bottom flask, 9-(3-bromopropyl)fluorine (51) (5.95 g, 20.73 
mmol ), chloroform (40 ml), and ferric chloride (0.79 g, 4.90 mmol) were charged. 
The mixture was keep out from the light, and bromine (2.5 ml, 48.79 mmol) was 
added at 0 °C. The mixture was stirred for 3 h at the dark at room temperature. A 
final red mixture was obtained. The mixture was washed with an aqueous solution of 
sodium thiosulfate 0.01 M (3 x 10 ml) until complete discoloration of the solution. 
The organic fraction was collected and dried over magnesium sulfate. Evaporation of· 
the chloroform afforded a red oil, which was purified by column chromatography 
(hexane) giving the titled compound (57) as an orange oil (6.50 g, 71 %). vmaxfcm-1 
3422,3065,2958,2933,2857, 1559, 1452, 1273, 1061, 812; dH (400 MHz, CDCh) 
1.55-1.57 (2 H, m, CH2CH2CH2), 2.15-2.16 (2 H, m, PhCHCH2), 3.25 (2 H, t, J 6.7 
Hz, CH2Br), 4.13 (1 H, t, J 5.4 Hz, PhCH), 7.45 (2 H, dd, J 1.7 and 7.6 Hz, 2 x ArH), 
7.48 (2 H, d, J 1.7 Hz, 2 x ArH), 7.55 (2 H, d, J7.6, 2 x ArH); de (400 MHz, CDCh) 
27.9 (CH2), 31.2 (CH2), 33.7 (CH2), 46.6 (CH),121.0 (2 x C), 121.8 (2 x CH), 127.9 
(2 x CH), 130.3 (2 x CH), 139.2 (2 x C), 153.9 (2 x C); m/z (FAB) 442 (M(79Brt, 5 
%),55 (100 %). Accurate mass: found 441.8570, CI6HI3(79)Br3 requires 441.8567. 
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4 Interface design with H-bonded functional groups 
4.1 Introduction 
Electroluminescence has been historically associated with inorganic materials. 
However, since the late 1980's\ organic light emitting diodes (OLEDs) have been 
intensively studied and reported2• In this research field, two main branches are 
differentiated: the use of small molecules3 and the use of polymers as emitter layers. 
It-conjugated polymers offer the advantage of being directly processable from 
solution, allowing deposition from spin-coating. However, in order to achieve highly 
efficient devices, polymers used for spin-coating processes must have good film 
forming properties to produce smooth and homogeneous layers4. 
With the aim to achieve good quality films, improving the structural 
rearrangement of the polymer and increase the solubilityS, pendant groups are 
attached to the main polymer chain. These structural groups are known as mesogens. 
The term "mesogen" in electroluminescence is borrowed from the liquid crystal 
polymer field, where mesogen is the fundamental unit of a liquid crystal polymer that 
induces structural order into the crystals. Strictly, the mesogen moiety is the rigid 
part of the molecule, aligning the molecules in one direction, whereas the flexible 
moiety (non-mesogen part) induces some fluidity into the liquid crystal. In fact, the 
incorporation of these rigid parts into the electroluminescent polymer makes many of 
these polymers present liquid crystal properties. The nature of this rigid structures is 
formed not only by covalent bonds, but also by non-covalent interactions, such as 
hydrogen bonds, ionic interactions, or metal coordination. 
These bidimensional polymer systems (Figure 4.1) present attractive electrical 
and optical properties making them applicable to electronic and photonic devices 
such as OLEDs. Intensive efforts have been focused on obtaining high ordered 
systems because structural homogeneity plays an important role in the properties of 
the conducting polymers. It has been showed that in order to obtain good electronic 
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conductivity along the polymer chain, the consecutive rings must achieve 
coplanarity, such that the torsion angle between adjacent rings does not exceed 4006• 
NO, 
Figure 4.1 
Examples of non-one dimensional polymer precursors proposed by the literature 
as suitable polymers for electronic and photonic devices purposei·7• 
In a two layer OLED, the introduction of a boundary region between the electron 
transport layer and the hole transport layer as a mesogenic group acts as a barrier to 
charge migration resulting in the aggregation of excitons leading to an increased 
probability of emissive decay. This can be guided by introducing hydrogen bonded 
or charge-bridge anisotropic liquid crystalline regions into the interfacial system of 
the two layers. The interfacial boundary can influence the properties of the device in 
two ways: 
i. The mesogenic group can help to extend the conjugation length within the 
component polymers which can lead to a better charge transport properties 
across the device. 
ii. The interfacial region can be partially polarised, depending of the nature of 
the hydrogen bonding, providing an energy barrier to the charge transport. 
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The chemical and physical properties of the interface can be further altered by 
chemical substitution of the monomers, to influence the nature of the hydrogen 
bonding interaction, and can include the incorporation of a salt bridge-type 
arrangement either by methylation of the hydrogen bond acceptor, if the proton 
migration was a problem, or by using a bi-functional ion (Figure 4.2). 
HTLsystem ETL system 
Figure 4.2 
Systems proposed for the interfacial control of the hole transport layer and 
electron transport layer. 
To achieve the synthesis of the hydrogen bonded functional groups to act as a 
boundary region in a device system, work on Thiophene-Pyrrole-Thiophene system 
and fluorenes were carried out: 
Hole Transport Layer (HTL) System: The system for the HTL material is designed 
around a synthetic methodology using Paal-Knorr condensation reaction8,9,1O, based 
on pyrrole, thiophene or mixed systems7 (Scheme 4.1). Due to the relative 
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complexity of the system, different routes of synthesis can be applied in order to 
obtain the same [mal product. 
PaaJ-Knorr condensation 
Paal-Knorr condensation 
Scheme 4.1 
General procedures to achieve the final hole transport layer moiety (HTL). 
Electron Transport Layer (ETL) System: The ETL polymer based upon a 
modification of an established system using a substituted fluorene precursor that 
bears the mesogenic hydrogen bond acceptor unit. Fluorenes have been extensively 
reported as a excellent electroluminescent materials suitable for electroluminescent 
devices4,14. The same routes of synthesis used for Thiophene-Pyrrole-Thiophene 
system can be applied to fluorene chemistry. A mesogenic group can be fully added 
to the fluorene backbonell ,12 or can be obtained after the addition of a mesogenic 
group segment with a good leaving group attached at the end, and the consecutive 
substitution over the leaving group leading the final product (Scheme 4.2). 
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Br~Br 
BuLi 
o 
BuLi 
Scheme 4.2 
Different routes for the synthesis of the electron transport layer moiety (ETL). 
The polymeric coupling of the monomers employed for the synthesis of HTL and 
ETL can be achieved by Suzuki13•14 and Yamamotoll•1S coupling reaction or by 
oxidative polymerisation14•16• 
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4.2 Results and Discussion 
The work described in this chapter is based on the synthesis of polymer precursors 
suitable as HTL and ETL type materials in an electroluminescent double layer 
device. The HTL was based on the centrosymetric Thiophene-Pyrrole-Thiophene or 
thiophene derivatives, where the nitrogen of the pyrrole carried the mesogenic 
function. The ETL was based in a fluorene backbone, in which the mesogenic 
function is attached to the C-9 position of the fluorene unit (47). The conjunction of 
the HTL and ETL mesogenic groups (Figure 4.2), offers the possibility to create a 
modulated heterojunction, where the energy barrier can be altered according to the 
chemical composition and properties of both mesogenic units, as a method to control 
the emissive decay efficiency of the OLED. 
4.2_1 Synthesis of the Hole Transport Layer (HTL) 
The synthesis of the HTL started with the synthesis of a system based on the 
trimer N-substituted-2,5-bis(3,4-ethylenedioxy-2-thienyl)pyrrole, which was 
attempted following the Paal-Knorr pattern reaction. After unsuccessful results, the 
synthesis outline changed to a Thiophene-Pyrrole-Thiophene system. 
4.2.1.1 Syntbesis of3-(4-pbenylpbenoxy)-1-propylamine 
The first mesogenic unit created was of 3-(4-biphenyloxy)-I-propylamine (60) 
(Figure 4.3). The synthesis was achieved in a 35 % yield using a mixture of water 
and tetrahydrofuran (THF) (1 :4, respectively). The reaction is based on the 
Williamson method for formation of ethers, following a SN2 type reaction between 
the deprotonated biphenol and the free amine of the 3-bromopropylamine 
hydrobromide salt. A detailed procedure of the best conditions of synthesis obtained 
can be found in the experimental section of the present chapter. 
141 
Chapler4 
60 
Figure 4.3 
3-(4-phenylphenoxy)-1-propylamine (60). 
Results and Discussion 
I 
4.2.1.2 Attempted synthesis of N-(3-(4-phenylphenoxy)propyl)-2,5-bis(3,4-
ethylenedioxy-2-thienyl)pyrrole 
The first attempted system to bear the mesogenic function at the pyrrole nitrogen 
was based on 1,4-bis(3,4-ethylenedioxy-2-thienyl)-I,4-butanedione (37), which 
synthesis was previously explained in chapter 2, and 3-(4-phenylphenoxy)-I-
propylamine (60) (Scheme 4.3). 
0 Ov)' 
60 
.. 
~ 
CH3COOH 
""'" 37 Tcluene ~ 
""'" 61 
Scheme 4.3 
Reaction proposed for the synthesis of the HTL bearing a mesogenic function. 
The synthesis was based on the Paal-Knorr pyrrole fonnation, in which the central 
pyrrole ring is fonned bearing the same functional group as the amine employed in 
the synthesis. In the synthesis, 1,4-bis(3,4-ethylenedioxy-2-thienyl)-1,4-butanedione 
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(37) was mixed with glacial acetic acid in toluene. A solution of 3-(4-
phenylphenoxy)-I-propylamine (60) in toluene was added dropwise. The reaction 
was heated at reflux overnight with a Dean-Stark to help the reaction to progress by 
constant removal of water by azeotropic distillation. A solid was remaining in the 
flask, which was collected as a pale grey solid. A white solid was extracted from the 
mixture of reaction. Characterisation of the two solids showed the presence of the 
two main starting materials (37, 60) and the absence of the wanted product (61). 
4.2.1.3 Synthesis of N-(3-(4-phenyJphenoxy)propyJ)-2,5-bis(2-thienyJ) 
pyrroJe 
Two fold strategies were adopted for the synthesis of N-(3-(4-
phenylphenoxy)propyl)-2,5-bis(2-thienyl)pyrrole (62), which bears a mesogenic 
group directly attached into the pyrrolic nitrogen (Figure 4.4). 
s ~ 
62 
Figure 4.4 
N-(3-(4-phenylphenoxy)propyl}-2, 5-bis(2-thienyl)pyrrole (62). 
The first route involves the synthesis of 3-(4-phenylphenoxy)-I-propylamine (60) 
(Figure 4.3), as a mesogenic unit with a pendant free amine attached by an alkyl 
chain. This free amine was then used with I ,4-bis(2-thienyl)-1 ,4-butanedione (32) 
(synthesis explained in chapter 2) in a ring closure pyrrole formation, following a 
Paal-Knorr pattern reactionS,9,lO. The yield achieved for the pyrrolic ring synthesis 
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was 16 %. The overall yield, including the synthesis of 3-(4-phenylphenoxy)-1-
propylamine (60), decreased substantially allowing a yield of 6 % (Scheme 4.4). 
The second strategy involves the synthesis of N-(3-bromopropyl)-2,5-bis(2-
thienyl)pyrrole (42) by ring closure reaction under Paal-Knorr conditions with 3-
bromopropylamine hydrobromide, followed by the subsequent addition of the 
mesogenic group (63) in a SN2 substitution reaction. This second route allows 
achievement the best yields, so 18 % and 70 % are achieved in the first and second 
step respectively, therefore the overall synthesis as obtained with 13 % of yield 
(Scheme 4.4). 
0-0-' f , r
NH2 
• 35 % KOH 
THF I water 
HO-< X ) 
63 
60 
CH,COOH 
Toluene. Dean-Stark 
16% 
70% 
KOH 62 
THF I water 
18 % K'BuO 
Q-O-Q 00 
CH,COOH 32 
42 Toluene, Dean-Stark 
Scheme 4.4 
Two fold strategies for the synthesis of N-(3-(4-phenylphenoxy)propyl)-2,5-bis(2-
thienyl)pyrrole (62). 
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Spectroscopic Characterisation of N-(3-(4-phenylphenoxy)propyl)-2,5-his(2-
thienyl) pyrrole 
Visible and UV spectroscopy has been employed to characterise this compound 
(62). The data obtained corresponds to broad absorptions for the It-1t* transitions and 
ranged between 3.94 - 5.39 eV. The magnitude of the absorption corresponding to 
the Thiophene-Pyrrole-Thiophene trimer (315 nm, 3.94 eV) lies at similar energies to 
the analogous trimers studied in chapter 2. Hence, it is also seen here that there is not 
a clear trend according to the nature of the substituent at the pyrrole N-atom, as seen 
in chapter 2. This feature suggests that the incorporation of a mesogenic group with a 
significant steric influence can give some structural order to the molecule, without 
perturbing significantly the conjugation and electronic properties of the trimer 
backbone. 
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Figure 4.5 
UV- Vis absorbance spectrum of N-(3-(4-phenylphenoxy)propyl)-2.5-bis(2-thienyl) 
pyrrole (62) (black line). For comparison the spectrum of 4-phenylphenol (63) is 
also shown (blue line), both spectra recorded in dichloromethane. 
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4.2.1.4 Synthesis of 4' -(3-(2,5-bis(2-thienyl)1-pyrrolyl)propoxy)biphenyl-
4-carbonitrile 
The synthesis of a HTL material bearing a nitrile-ending mesogenic group was 
proposed for two main reasons. The lone pair of electrons from the nitrile nitrogen 
offers the possibility of having a boundary region with an interesting energy barrier 
in a double electroluminescent layer device and also, the consequent hydrolysis of 
the nitrile group can lead to the attainment of a carboxylic acid-ending group. 
The consecution of this material can be achieved by two main routes of synthesis, 
as it has been seen for similar systems (Scheme 4.5). 
o-\KJ H2N~ OD-OCN 64 32 CH,COOH 
Br ............... NH2 HBr 
Tolume, Dean-Stark 
K'BuO 20% 
CH3COOH 
Toluene, Dean-Stark 
18% 
o-'Y--o "'" ," \ ~ j HO-0-::Q-CN 66 
KOH Br 
42 THF I water 
7% 65 
Scheme 4.5 
Two routes to achieve 4'-(3-(2,5-bis(2-thienyl)1-pyrrolyl)propoxy)biphenyl-4-
carbonitrile (65). 
The fust method attempted was using the free amine of the mesogenic group in a 
pyrrole formation reaction with 1 ,4-bis(2-thienyl)-1 ,4-butanedione (32). Hence, 4'-
(3-aminopropoxy)biphenyl-4-carbonitrile had to be synthesised (64) (Figure 4.6). 
146 
Chapter 4 Results and Discussion 
Ne 
Figure 4.6 
4 '-(3-aminopropoxy)biphenyl-4-carbonitrile (64). 
The synthesis of 4'-(3-aminopropoxy)biphenyl-4-carbonitrile (64) was obtained 
with 50 % of yield and proceeded following a Williamson etherification reaction 
between 3-bromopropylamine hydrobromide and 4'-hydroxy-4-biphenylcarbonitrile 
(66) under alkaline conditions in a 1:4 mixture of water and THF respectively. The 
procedure can be found in the experimental section of the present chapter. 
Once the free amine of the mesogenic group was synthesised (64), the Paal-Knorr 
ring closure reaction proceeded without any significant problem and the trimer 
compound attached to the mesogenic group (65) was attained with 20 % yield as an 
oil. 
The second method attempted, was the SN2 type reaction over the brominated 
propyl of N-(3-bromopropyl)-2,5-bis(2-thienyl)pyrrole (42) and the deprotonated 
hydroxyl group of 4' -hydroxy-4-biphenylcarbonitrile (66) under basic conditions in a 
1:3 mixture of water and THF respectively. The product (65) was attained with 7 % 
yield. The first method gave the best results since it achieved an overall yield of 10 
%, and only 1 % was obtained through the second route. A detailed procedure of 
both methods can be found in the experimental section. 
4.2.1.5 Attempted synthesis of 4'-(3-(2,5-bis(2-thienyl)l-pyrrolyl)propoxy) 
biphenyl-4-carboxylic acid 
As shown in Scheme 4.6, three strategies were considered in order to achieve a 
HTL material attached to a mesogenic group bearing the carboxylic acid function. 
147 
Chapter 4 
cr0-o 32 
Toluene, Dean-Stark: 
42 
Scheme 4.6 
Paal-Knorr condensation 
H2N"""""'---. 
'o-Q-O-COOH 
HO-Q-OCOOH 
69 
KOH 
THF /water 
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Results and Discussion 
Three strategies to achieve 4' -(3-(2,5-bis(2-thienyl) I-pyrro/y/)propoxy)bipheny/-
4-carboxylic acid (68). 
The first route of synthesis, which uses the Paal-Knorr condensation between 1,4-
bis(2-thienyl)-1,4-butanedione (32) and 4' -(3-aminopropoxy)biphenyl-4-carboxylic 
acid (67), in the formation of the central pyrrole ring, could not be applied because 
the synthesis of the free amine bearing the biphenylcarboxylic acid (67) could not be 
achieved. 
The synthesis of 4'-(3-aminopropoxy)biphenyl-4-carboxylic (67) acid was 
attempted following the Williamson etherification between bromopropylamine 
hydrobromide and 4'-hydroxy-4-bipheny1carboxylic acid (69) (which was 
successfully synthesised by hydrolysis of 4'-hydroxy-4-biphenylcarbonitrile (66) 
under acid conditions), employing a large excess of equivalents of sodium hydroxide. 
Chapter 4 Results and Discussion 
The characterisation of the product obtained did not show the existence of the desired 
compound (67). Also the synthesis of 4' -(3-aminopropoxy)biphenyl-4-carboxylic 
acid (67) was attempted by hydrolysis of the nitrile group of 4'-(3-
aminopropoxy)biphenyl-4-carbonitrile (64) (Figure 4.6) under basic conditions. The 
reaction proceeded in an aqueous solution of sodium hydroxide at 5 %. Acidification 
of the mixture of reaction, allowed the attaimnent of a very poor soluble compound, 
which was characterised as 4'-hydroxybiphenyl-4-carboxylic acid (69). Hence, it is 
evident that the hydrolysis of the benzylic ether also occurred at the same time as the 
hydrolysis of the nitrile group. 
Williamson etherification over the brominated methyl in N-(3-bromopropyl)-2,5-
bis(2-thienyl)pyrrole (42) and 4'-hydroxy-4-biphenylcarboxylic acid (69) was also 
attempted using an excess of base, in order to achieve the ionisation of the carboxylic 
acid. The products recovered in the separation of the compounds in the mixture of 
reaction were characterised as starting material. It is likely that the unsuccessful 
results are due to electronic influence of the carboxylate group. The presence of the 
acid group conjugated to the aromatic rings probably makes the phenoxy anion much 
less nucleophilic, removing negative charge from the oxygen and preventing the 
substitution. 
The last method attempted for the achievement of 4'-(3-(2,5-bis(2-thienyl)l-
pyrrolyl)propoxy)biphenyl-4-carboxylic acid (68) was the hydrolysis of the nitrile 
equivalent system (65) (Scheme 4.6). The best conditions of reaction employing a 
mixture of sulfuric acid, water and glacial acetic acid could not be found so starting 
material and hydrolysis of benzylic ether were obtained in all the experiments. 
After these unsuccessful attempts, the work attempted for the synthesis of HTL 
materials bearing a mesogenic group was abandoned and focussed on the synthesis 
ofETL. 
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4.2.2 Synthesis of the Electron Transport Layer (ETL) 
As shown in Scheme 4.2, two main routes were considered for the synthesis of the 
ETL system. The work developed for the synthesis of 4-(4'-(3-(9-
fluorenyl)propoxy)phenyl)pyridine (70) (Figure 4.7) followed the same pattern as 
one of the strategies employed in the synthesis of the HTL system, in which there is a 
substitution at the C-9 position with a bromopropyl-ending chain, followed by the 
subsequent substitution of the bromine atom by the rest of the mesogenic moiety. 
70 
Figure 4.7 
4-(4 '-(3-(9-jluorenyl)propoxy)phenyl)pyridine (70). 
The end group proposed for the mesogenic moiety bears a pyridine function, 
which can make an interfacial region partially polarised (Figure 4.2), providing an 
energy barrier to charge control. The electronic properties of the pyridine group can 
allow the attainment of a well defined physical boundary between ETL and HTL by 
introducing hydrogen bonded or a charge-bridged anisotropic "liquid crystalline" 
region. 
4.2.2.1 Synthesis of 9-(3-bromopropyl)fluorene 
The synthesis of this fluorene derivative (51) (Figure 4.8) was achieved by having 
good control of the stoichiometry and order of the reactants employed. The use of 
more than one equivalent of base can allow the double deprotonation in the C-9 
position, which can allows the attainment of a double alkylated fluorene. The 
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addition of the reactants in a different order allows the linkage of different fluorenes 
through the propyl chain due to the double brominated character of 1,3-
dibromopropane chain. 
Figure 4.8 
9-(3-bromopropyl)jluorene (51). 
51 
The methodology of reaction proceeded as explained in the experimental section, 
where the deprotonation was made with n-butyllithium in a solution of fluorene (47) 
in diethyl ether under coolingl2. The resulting yellow solution was added dropwise 
over a large excess of 1 ,3-dibromopropane in order to avoid the linkage of more than 
one molecule of fluorene by the propane chain. The product was attained as a pale oil 
after purification by a chromatography column using hexane as an eluting solvent, 
and some subproducts were also obtained as colourless crystals. 1,3-bis(9-
fluorenyl)propane (71) was found among them (Figure 4.9). 
Figure 4.9 
},3-bis(9-jluorenyl)propane (71). 
71 
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4.2.2.2 Synthesis of 4-(4'-pyridinyl)phenol 
The mesogenic-end group was synthesised following a Suzuki coupling reaction17• 
4-hydroxyphenylboronic acid (72) and 4-bromopyridine hydrochloride (73) were 
employed as reagents in a palladium catalysed reaction under basic conditions of 
reaction (Scheme 4.7). 
72 
Scheme 4.7 
CIH\ }-Br 
73 
Synthesis of 4-(4 '-pyridinyl)pheno[ (74). 
DMF 
65% 
• HO-{ ) ( } 
74 
The synthesis proceeded as explained in the experimental section of this chapter. 
The extraction of the product (74) from the mixture of reaction showed some 
difficulties due to two different functional groups present in the molecule with 
different pKa's, which caused the formation of emulsions. Finally the product could 
be isolated at pH 6, in an emulsion formed between the aqueous layer, which was 
acidified with hydrochloric acid (IM) and dichloromethane. 
This compound (74) has been synthesised and reported in a different manner18. 4-
(4' -aminophenyl)pyridine was diazotised. A solution of the diazonium chloride was 
treated with an aqueous ammonia solution, and the resulting phenol derivative 
collected. The aim of this previous synthesis was the study and characterisation of 
derivatives of the titled compound as a liquid crystal precursor19• 
4.2.2.3 Synthesis of 4-(4'-(3-(9-fluorenyl)propoxy)phenyl)pyridine 
Once the two moieties that composed the mesogenic group of the ETL material 
were synthesised, the next step involved the linkage between them. To achieve this 
coupling, the Williamson etherification reaction was applied. 
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The reaction was performed in N,N-dimethyl formamide (DMF) as a solvent, and 
heated until reflux under basic conditions (Scheme 4.8). The reaction proceeded as 
explained in the experimental section of this chapter. The product (70) was attained 
as a yellow oil. 
+ 
51 
Scheme 4.8 
HO-O-CN 
74 
KCO, 
OMF 
33% 
Synthesis of 4-(4 '-(3-(9-jluorenyl)propoxy)phenyl)pyridine (70). 
4.2.3 Comments and Conclusions 
70 
The work described in this chapter is based on the synthesis of compounds suitable 
for their application as HTL and ETL materials in a double layer luminescent device. 
The quantities of both HTL and ETL mesogenic precursors were insufficient to allow 
the study of their thermochemical studies of their mutual interaction. Despite the lack 
of a direct application, the unit backbones have been reported to achieve good 
electroluminescent purposes. 
For the HTL system, several mesogenic groups have been synthesised. Although 
the initial desired carboxylic acid-ending group could not be achieved, this was not a 
problem since other interesting end groups were attained. These mesogenic groups 
give some structural order in the system but also, their steric influence does not give 
any extra distortion into the electronic properties of the backbone. 
The ETL system was synthesised as explained in the model shown in the 
introduction of this chapter (Scheme 4.2). The synthesis of the mesogenic group was 
achieved through several steps using different methods such as SN2 or palladium 
catalysed coupling reactions. 
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4.3 Experimental 
General procedures for the synthesis and characterisation of the compounds are 
described in Appendix 5. 
4.3.1 Synthesis of the Hole Transport Layer (HTL) 
Synthesis o/N-(3-hromopropyl)-2,5-his(2-thieny/)pyrro/e 
~' 
Br 
42 
A 50 ml beaker was charged with 3-bromopropylamine hydrobromide (1.59 g, 
7.25 mmol), potassium t-butoxide (0.85 g, 7.56 mmol), and toluene (10 ml). The 
resulting mixture was stirred until dissolution and added dropwise to a 100 ml round 
bottom flask charged with 1,4-bis(2-thienyl)-I,4-butanedione (32) (0.76 g, 3.04 
mmol), toluene (40 ml) and glacial acetic acid (3.5 ml). The flask was equipped with 
a Dean-Stark and the reaction was stirred under reflux for 18 h with the constant 
removal of water by azeotropic distillation. The reaction mixture was concentrated 
under vacuum and the dark solid dissolved in dichloromethane. This solution was 
washed with an aqueous sodium bicarbonate solution (3 x 10 ml) and brine. The 
organic fraction was dried over magnesium sulfate and the solvent removed in vacuo. 
The red solid was purified by column chromatography over silica gel (2: 1 
hexane:dichloromethane) to afford the titled compound (42) as a yellow oil (0.19,18 
%). vmax/cm·1 (film) 3101, 3087,2959, 1555, 1404, 1256, 1120, 843, 768, 696; dn 
(400 MHz, CDCh) 2.13 (2 H, tt, J 6.5 and 7.4 Hz, CH2CH2CH2), 3.21 (2 H, t, J 6.5 
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Hz, CH2Br), 4.41 (2 H, t, J7.4 Hz, NCH2), 6.43 (2 H, s, 2 X NC=CH), 7.15-7.17 (4 
H, m, 2 x (SCH=CH and SCH=CHCH)), 7.38 (2 H, dd, J 2.2 and 4.0 Hz, 2 x SCH); 
Oc (400 MHz, CDCI3) 30.0 (CH3), 33.7 (CH2), 43.9 (CH2), 111.3 (2 x CH), 125.3 (2 
x CH), 126.4 (2 x CH), 127.6 (2 x CH), 128.6 (2 x C), 134.5 (2 x C); m/z (FAB) 351 
(M(79Br)+, 86 %), 353 (100 %). Accurate mass: found 350.9747, ClsHI4(79)BrNS2 
requires 350.9751. 
Synthesis of 3-(4-hipheny/oxy)-I-propy/amine 
60 
In a 100 ml round bottom flask, 4-phenylphenol (63) (0.90 g, 5.30 mmol) was 
charged and dissolved into 10 ml of an aqueous solution of potassium hydroxide 
(4M). 3-bromopropylamine hydrobromide (1.76 g, 8.04 mmol) was added to the 
flask. THF (40 ml) was added to the solution and the mixture was stirred and heated 
under reflux for 60 h. The organic solvent was removed from the flask in vacuo and a 
white residue was obtained. This residue was acidified with an aqueous solution of 
hydrochloric acid (2M) and washed with dichloromethane (3 x 20 ml). The aqueous 
layer was then basified by a potassium hydroxide solution until high basic pH. The 
aqueous layer was washed with dichloromethane (3 x 15 ml). All the organic phases 
were collected and the solvent dried over magnesium sulfate. The solvent was 
removed under reduced pressure, affording a colourless solid (60), which was used 
without further purification (0.42 g, 35 %). mp 138-141 °C; vmax/cm·1 (film) 3327, 
3284, 3034, 2940, 2674, 1650, 1609, 1476, 1269, 847, 760, 689; OH (400 MHz, 
CDCh) 1.30 (2 H, s, NH2), 2.01 (2 H, tt, J 6.0 and 6.7 Hz, CH2CH2CH2), 2.98 (2 H, 
t, J6.7 Hz, CH2NH2), 4.12 (2 H, t, J 6.0 Hz, OCH2), 6.99 (2 H, dd, J2.6 and 7.6 Hz, 
2 x ArH), 7.40-7.49 (3 H, m, 3 x ArH), 7.53-7.58 (4 H, m, 4 x ArH); Oc (400 MHz, 
CDCh) 32.9 (CH2), 39.3 (CH2), 66.0 (CH2), 114.8 (2 x CH), 126.7 (2 x CH), 128.2 
155 
Chapter 4 Experimental 
(2 X CH), 128.3 (CH), 128.7 (2 X CH), 133.8 (C), 141.0 (C), 158.5 (C); mlz (El) 227 
(W, 9 %), 170 (100 %). Accurate mass: found 227.1308, ClsH17NO requires 
227.1310. 
Synthesis of N-(3-( 4-biphenyloxy)propyl}-2,5-bis(2-thienyl}pyrrole 
s 
62 
This synthesis was attempted following two different methods explained below: 
Method a) 
In a 100 ml round bottom flask, 1,4-bis(2-thienyl)-1,4-butanedione (32) (0.05 g, 
0.19 mmol), toluene (40 ml) and glacial acetic acid (1 ml) were charged. 3-(4-
biphenyloxy)-l-propylamine (60) (0.06 g, 0.27 mmol) was added dropwise dissolved 
in some toluene (10 ml). The flask was equipped with a Dean-Stark and the reaction 
was stirred and heated under reflux with the constant removal of the water by 
azeotropic distillation for 18 h. The reaction mixture was concentrated in vacuo and 
the resulting oil dissolved in dichloromethane (25 ml). This solution was washed 
with an aqueous solution of sodium bicarbonate and brine. The organic solution was 
dried over magnesium sulfate and the solvent removed under reduced pressure. A 
brown solid was obtained which was purified by column chromatography over silica 
gel (1:1 hexane-dichloromethane) to afford the target compound (62) as a white solid 
(0.01 g, 16 %). 
Method b) 
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In a 25 ml round bottom flask, N-(3-bromopropyl)-2,5-bis(2-thienyl)pyrrole (42) 
(0.05 g, 0.14 mmol), and THF (13 ml) were charged. 4-phenylphenol (63) (0.02 g, 
0.14 mmol) was dissolved into 2 ml of an aqueous solution of potassium hydroxide 
(2M) and added dropwise to the round bottom flask. The mixture was stirred and 
heated under reflux for 72 h. The organic solvent was removed from the flask in 
vacuo and a white residue was obtained. The residue was washed with ethyl acetate 
(3 x 20 ml) and the organic layer dried over magnesium sulfate. The solvent was 
removed by low pressure distillation and a white solid was obtained. The solid was 
purified by column chromatography over silica gel (2: 1 hexane-dichloromethane) to 
afford the titled compound as a white solid (0.04, 70 %). mp 112-113 °C; vmax/cm·1 
(film) 3102, 3069,3030,2926,1559,1489,1410,1246,831,762,696; dH(400 MHz, 
CDCh) 2.03 (2 H, tt, J 6.0 and 7.4 Hz, CH2CH2CH2), 3.81 (2 H, t, J 6.0 Hz, OCH2), 
4.47 (2 H, t, J 7.4 Hz, NCH2), 6.39 (2 H, s, 2 x NC=CH), 6.80 (2 H, d, J 8.6 Hz, 2 x 
ArH), 7.09 (2 H, dd, J 3.5 and 5.2 Hz, 2 x SCH=CH), 7.11 (2 H, dd, J 1.3 and 3.5 
Hz, 2 x SCH=CHCH), 7.28-7.33 (3 H, m, ArH and 2 x SCH), 7.43-7.52 (4 H, m, 4 x 
ArH), 7.49 (2 H, dd, J 1.5 and 8.4 Hz, 2 x ArH); de (400 MHz, CDCh) 30.7 (CH2), 
42.2 (CH2), 64.7 (CH2), 111.1 (2 x CH), 114.6 (2 x CH), 125.3 (2 x CH), 126.1 (2 x 
CH), 126.6 (CH), 126.7 (2 x CH), 127.4 (2 x CH), 128.0 (2 x CH), 128.5 (2 x C), 
128.7 (2 x CH), 133.7 (C), 134.7 (2 x C), 140.8 (C), 158.1 (C); m/z (FAB) 441 (M., 
100 %), 441 (100 %). Accurate mass: found 441.1216, C27H23NOS2 requires 
441.1221. 
Synthesis of 4'-(3-aminopropoxy)biphenyl-4-carhonitrile 
64 
In a 100 ml round bottom flask, a mixture of 4' -hydroxy-4-bipheny1carbonitrile 
(66) (2.01 g, 10.30 mmol) and 12 ml of an aqueous solution of sodium hydroxide 
(12M) was stirred. 3-bromopropylamine hydrobromide (3.51 g, 16.04 mmo1) and 45 
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ml of THF were added to the yellow alkaline mixture. The mixture was stirred and 
heated under reflux for 16 h. The organic solvent was removed from the flask under 
vacuum and a yellow aqueous fraction was obtained. This fraction was washed with 
dichloromethane (3 x 15 ml). The organic layer was collected and the solvent dried 
over magnesium sulfate. The solvent was removed in vacuo and the yellow titled 
solid (64) was obtained, which was used without further purification (1.30 g, 50 %). 
mp 182-184 ·C; vmax/cm·1 (film) 3320, 3280, 3033, 2920, 2225, 1597, 1470, 1254, 
848,690; dH (400 MHz, CDCh) 1.96 (2 H, tt, J 6.0 and 6.8 Hz, CH2CH2CH2), 2.97 
(2 H, t, J 6.8 Hz, CH2NH2), 3.52 (2 H, br s, NH2), 4.05 (2 H, t, J 6.0 Hz, OCH2), 6.88 
(2 H, d,J8.9 Hz, 2 x ArH), 7.41 (2 H, d, J8.9 Hz, 2 x ArH), 7.55 (2 H, d, J8.7 Hz, 2 
x ArH), 7.69 (2 H, d, J 8.7 Hz, 2 x ArH); de (400 MHz, CDCh) 30.3 (CH2), 37.6 
(CH2), 65.7 (CH2), 110.0 (C), 116.3 (2 x CH),119.1 (C),127.l (2 x CH), 128.6 (2 x 
CH), 131.4 (c), 132.6 (2 x CH), 145.3 (C),156.7 (C); m/z (El) 252 (M', 6 %), 77 
(100 %). Accurate mass: found 252.1265, C16H16N20 requires 252.1263. 
Synthesis of 4'-(3-(2,5-bis(2-thienyl)pyrrol-I-yl)propoxy)biphenyl-4-
carbonitrile 
s ~ 
65 
This synthesis was attempted following two different methods explained below: 
Method a) 
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In a 100 ml round bottom flask, 1,4-bis(2-thienyl)-1,4-butanedione (32) (0.26 g, 
1.05 mmol), toluene (40 ml) and glacial acetic acid (4 ml) were charged. 4'-(3-
aminopropoxy)biphenyl-4-carbonitrile (64) (0.24 g, 0.95 mmol) was added dropwise 
dissolved in toluene (10 ml). The flask was equipped with a Dean-Stark and the 
reaction was stirred and heated under reflux with the constant removal of the water 
by azeotropic distillation for 16 h. The organic solvent was removed under vacuum 
and the resulting red solid dissolved in dichloromethane (25 ml). The resulting 
solution was washed with an aqueous solution of sodium bicarbonate (3 x 10 ml) and 
brine. The organic fraction was dried over magnesium sulfate and the solvent 
removed in vacuo. A red solid was obtained which was purified by column 
chromatography over silica gel (1: 1 hexane:dichloromethane) to afford the little 
compound (65) as a pale green oil (0.09 g, 20 %). 
Method b) 
In a 100 ml round bottom flask, 4' -hydroxy-4-biphenylcarbonitrile (66) (0.20 g, 
1.00 mmol) and 2 ml of an aqueous solution of potassium hydroxide (5M) were 
charged. The mixture was stirred while N-(3-bromopropyl)-2,5-bis(2-thienyl)pyrrole 
(42) (0.34 g, 0.98 mmol) was added dissolved in 5 ml ofTHF. The total volume of 
THF was completed until 50 m!. The yellow mixture of reaction was heated under 
reflux for 16 h. The organic solvent was removed from the flask in vacuo and a 
yellow aqueous mixture was obtained. The aqueous mixture was washed with ethyl 
acetate (3 x 20 ml) and the organic fraction dried over magnesium sulfate. The 
solvent was removed under vacuum and a yellow solid was obtained. The solid was 
purified by column chromatography over silica gel (2: 1 hexane:dichloromethane) to 
afford the little compound (65) as a pale green oil (0.03 g, 7 %). vmaxfcm-l (film) 
3102,3072,2924,2853,2224,1603,1559,1495, 1412, 1250,822,768, 700; OH (400 
MHz, CDCh) 1.94 (2 H, tt, J 6.0 and 7.1 Hz, CH2CH2CH2), 3.70 (2 H, t, J 6.0 Hz, 
OCH2), 4.37 (2 H, t, J 7.1 Hz, NCH2), 6_28 (2 H, s, 2 x NC=CH), 6.80 (2 H, d, J 8.8 
Hz, 2 x ArH), 6.99 (2 H, dd, J 3.6 and 5.1 Hz, 2 x SCH=CH), 7.03 (2 H, dd, J 1.2 
and 3.6 Hz, 2 x SCH=CHCH), 7.22 (2 H, dd, J 1.2 and 5.1 Hz, 2 x SCH), 7.40 (2 H, 
d, J 8.8 Hz, 2 x ArH), 7.55 (2 H, d, J 8.4 Hz, 2 x ArH), 7.62 (2 H, d, J 8.4 Hz, 2 x 
ArH); Oc (400 MHz, CDCb) 30.6 (CH2), 42.1 (CH2), 64.7 (CH2), 110.1 (C), 111.2 (2 
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x CH), 114.9 (2 X CH), 116.3 (C), 125.3 (2 X CH), 126.0 (2 X CH), 127.0 (2 X CH), 
127.3 (2 X CH), 128.2 (2 X CH), 128.6 (2 X C), 132.5 (C), 132.6 (2 X CH), 134.8 (2 X 
C), 145.2 (C), 159.2 (C); mlz (FAB) 466 (M+, 5 %), 83 (100 %). Accurate mass: 
found 466.1181, C2sH22N20S2 requires 466.1174. 
Synthesis of 4'-hydroxybiphenyl-4-carboxylic acitf° 
HO 
69 
A 25 ml round bottom flask was charged with 4'-hydroxy-4-biphenylcarbonitrile 
(66) (0.12 g, 0.59 mmol), glacial acetic acid (9 ml), water (2.5 ml) and concentrated 
sulfuric acid (1.5 ml). The mixture was stirred and heated under reflux for 18 h. The 
resulting mixture was poured into crashed ice, and a solid appeared. The colourless 
solid was filtered off, and washed with water giving the titled compound (69), which 
was used without further purification (0.10 g, 75 %). vmax/cm·1 (film) 3397, 3104, 
2959,2548,1750,1604,1298,943,831,772,716; OH (400 MHz, CDCh) 3.46 (1 H, 
br s, PhOH), 6.90 (2 H, d, J 8.7 Hz, 2 X ArH), 7.57 (2 H, d, J 8.7 Hz, 2 X ArH), 7.69 
(2 H, d, J 6.7 Hz, 2 X ArH), 7.97 (2 H, d, J 6.7 Hz, 2 X ArH), 9.80 (1 H, br s, 
COOH); Oc (400 MHz, DMSO-d6) 115.9 (2 X CH), 125.8 (2 x CH), 128.1 (2 x CH), 
128.4 (C), 129.6 (C), 129.9 (2 x CH), 144.3 (C), 157.9 (C), 167.2 (C); mlz (FAB) 214 
(M+, 10 %), 154 (100 %). Accurate mass: found 214.0633, C13HIO03 requires 
214.0630. 
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4.3.2 Synthesis of the Electron Transport Layer (HTL) 
Synthesis of 4-(4' -pyridinyl)pheno/18 
HO 
74 
To a 100 ml round bottom flask charged with 4-hydroxyphenylboronic acid (72) 
(0.20 g, 1.48 mmol), 4-bromopyridine hydrochloride (73) (0.44 g, 2.25 mmol) and 
tetrakis (triphenylphosphine)palladium (0) (0.05 g, 0.04 mmol), DMF was added (50 
ml), followed by 5 ml of a degassed aqueous solution of potassium carbonate (2M). 
The reaction mixture was stirred under nitrogen and heated at 80-85 °C for 40 min. A 
second addition of tetrakis (triphenylphosphine)palladium (0) was made (0.005 g, 
0.04 mmol), and the reaction was stirred and heated at 90-95 °C for extra 14 h. The 
organic solvent was removed in vacuo, and a yellow solid was obtained. The solid 
was washed with dichloromethane (40 ml) and acidified with aqueous hydrochloric 
acid (1M) until pH 6. An interphase was obtained, which was collected together with 
the organic layer. The interphase layer was filtered off and washed with some 
dichloromethane to afford the titled compound (74) as a white solid, which was used 
without further purification (0.16 g, 65 %). mp 254-255 °C (lit. IS 253-254 °C); 
vmax/cm·1 3210, 3047, 1603, 1586,1285,819,727; JH (400 MHz, CDCh) 6.89 (2 H, 
d, J 8.7 Hz, 2 x ArH), 7.61 (2 H, d, J 4.7 Hz, 2 x ArH), 7.65 (2 H, d, J 8.7 Hz, 2 x 
ArH), 8.54 (2 H, d, J 4.7 Hz, 2 x ArH), 9.85 (1 H, br s, PhOH); Jc (400 MHz, 
CDCh) 116.0 (2 x CH), 120.3 (2 x CH), 127.5 (C), 128.0 (2 x CH), 146.8 (C), 150.0 
(2 x CH), 158.7 (C).); mlz (FAB) 172 «M+1t, 20 %), 77 (100 %). Accurate mass: 
found 172.0718, CIIHIOON requires 172.0719. 
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Synthesis of 9-(3-bromopropyl)jluorene21 
51 
To a 0 "C solution of fluorene (47) (5.22 g, 31.40 mmol) in ether (60 ml), in a 100 
ml sealed round bottom flask, n-butyllithium in hexanes (2M) (16 ml, 32.00 mmol) 
was added under nitrogen over 10 min. The resulting yellow solution was added over 
90 min to another solution of 1,3-dibromopropane (13.35 g, 66.79 mol) in 40 ml of 
ether in a 250 ml round bottom flask. After being stirred for 18 h, the reaction 
mixture was washed with brine (2 x 20 ml) and water to give a pale yellow solution. 
After drying the solution over magnesium sulfate, and removing the solvent under 
reduced pressure, a yellow oil remained. Column chromatography over silica gel of 
the crude (hexane) afforded the target compound (51) as a yellow oil (5.05 g, 56 %). 
vmaxlcm·J 3539,3416,3064,2928,2855,1477,1449,1292,1240,739; OH (400 MHz, 
CDCh) 1.65-1.67 (2 H, m, CH2CH2CH2), 2.30-2.32 (2 H, m, PhCHCH2), 3.33 (2 H, 
t, J6.7 Hz, CH2Br), 4.12 (1 H, t, J5.4 Hz, PhCB), 7.28-7.43 (4 H, m, 4 x ArB), 7.58 
(2 H, dd, J 1.0 and 7.3 Hz, 2 x ArB), 7.85 (2 H, dd, J 1.5 and 6.7 Hz, 2 x ArB); Oc 
(400 MHz, CDCh) 28.2 (CH2), 31.1 (CH2), 37.6 (CH2), 46.7 (CH), 119.7 (2 x CH), 
124.3 (2 x CH), 127.1 (2 x CH), 127.3 (2 x CH), 141.3 (2 x C), 146.7 (2 x C); mlz 
(FAB) 286 (M(79Brt, 21 %), 165 (100 %). Accurate mass: found 286.0358, 
CJJIIS(79)Br requires 286.0357. 
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Synthesis of 4-(4' -(3-(9-fluorenyl)propoxy)phenyl)pyridine 
70 
A 100 ml round bottom flask was charged with 4-(4'-pyridinyl)phenol (74) (0.16 
g, 0.96 mmol), and anhydrous potassium carbonate (0.67 g, 4.82 mmol). 9-(3-
bromopropyl)fluorine (51) (0.36 g, 1.27 mmol) was added dissolved in 10 ml of 
DMF. The final volume was completed with DMF until 50 ml, and the mixture 
refluxed for 16 h. An insoluble solid was removed from the mixture of reaction by 
filtration and the solvent of the remaining solution removed in vacuo, affording an 
oil, which was purified by column chromatography over silica gel (1: 1 
hexane:dichloromethane) obtaining the titled compound (70) as a yellow oil after the 
removal of the solvent (0.10 g, 33 %); vmax/cm·1 3038,2930, 1597, 1489, 1285, 1252, 
814, 737; OH (400 MHz, DMSO-d6) 2.37-2.40 (2 H, m, PhCHCH2), 2.94-2.96 (2 H, 
m, CH2CH2CH2), 3.75 (1 H, t, J 5.6 Hz, PhCH), 3.81 (2 H, t, J 6.0 Hz, OCH2), 6.95 
(2 H, d, J9.6 Hz, 2 x ArH), 7.33-7.96 (10 H, m, 10 x ArH), 8.22 (2 H, dd, J2.2 and 
5.5 Hz, 2 x ArH), 8.79 (2 H, d, J 6.0 Hz, 2 x ArH); Oc (400 MHz, DMSO-d6) 29.8 
(CH2), 36.5 (CH2), 55.6 (CH), 67.8 (CH2), 115.3 (2 x CH), 119.9 (2 x CH), 122.1 (2 
x CH), 123.6 (2 x CH), 127.7 (2 x CH), 128.4 (2 x CH), 129.5 (C), 132.4 (2 x CH), 
139.1 (2 x C), 142.9 (2 x C), 143.0 (C), 149.4 (2 x CH), 161.3 (C); m/z (El) 377 (M\ 
10 %), 181 (100 %). Accurate mass: found 377.1786, C27H230N requires 377.1780. 
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5 Design of3,4-Dialkoxythiophene structures as versatile 
building blocks for advanced functional 1t-conjugated 
systems: Monomers & Dimers 
5.1 Introduction 
The field of functionalised conducting polymers has become large and wide 
ranging during recent years. The interest in this field focuses on the ability to control 
the electronic properties of the conjugated backbone from the outside via specific 
interaction from the covalently attached functional groups. The selective interaction 
between the polymer (or oligomer) and the functional groups directly attached to it, 
can modulate, switch or amplify the electronic properties of the conjugated chain. 
Wide ranges of studies have been undertaken in order to take profit of these 
electronic properties; oligooxyethylene substituted polythiophene, crown ether-
substituted polythiophenes and its corresponding oligothiophene models, and aza-
crown ether substituted polypyrrole l are among them. 
The most successful route of synthesis of 3,4-Ethylenedioxythiophene (EDOT) 
(25) is based on the synthesis of 3,4-ethylenedioxythienyl-2,5-dicarboxylic acid, 
which was reported in 1967 as a potentially active anticarcinogen agent2• EDOT (25) 
has become a focus of considerable attention when it was shown that the 
corresponding polymer exhibits an exceptional stability in the doped state associated 
with high conductivity, low optical band gap (1.60 - 1.70 eVi and its derivatives 
exhibit light emission ranging from blue to red with quantum efficiencies from 3.2 to 
9 %4 (Figure 5.1). 
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Figure 5.1 
BEDOT-TOL (75) and BEDOT-CNVMOB (76) exhibit emission at 401 and 657 
nm respectiveli. 
Poly(3,4-ethylenedioxythiophene) (PEDOT) (14) was developed by Bayer AG 
researchers. PEDOT (14) is water soluble when is used in the doped form with 
poly(styrene sulfonic acid) (PSS) (15) electrolyte (Scheme 5.1). The properties of 
this new product were very successful, which include, high electroconductivity (10 S 
cm'\ good film forming, high visible light transmissivity, and excellent stabilitys.6. 
d'o 
• (PSS·h. 
NaPSS n 
Scheme 5.1 
Synthesis a/the water soluble PEDOTIPSS (BAYTRON P/. 
The synthesis of EDOT (25) can be achieved by different procedures. As 
explained earlier, the most successful method starts from thiodiglycolic acid (77) and 
it is based on the synthesis of 3,4-ethylenedioxythienyl-2,5-dicarboxylic acid 
reported by Gogte2• Consequent decarboxylation can be carried under heating at 120 
DC at low pressure or in milder conditions in the presence of copper salt catalyst8,9 
(Scheme 5.2). 
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The direct functionalisation of EDOT (25) is much more difficult than the 
functionalisation of the parental thiophene, and for most of the cases, it is more 
convenient starting the synthesis of the new EDOT derivatives from the beginning 
with the new functional groups attached. Many different derivatives of EDOT (25) 
have been created, all of them under the umbrella of the good electronic properties, 
and many strategies have been employed. 
Ho,C~S~Co,H _E_IO_H __ • Et02C~S~C02Et 
77 78 
1"\0 
'd S Cuter 
25 
Scheme 5.2 
Synthesis of EDOT (25), where R = R' = Me or El 
1) NaOH 
2)HCl 
The synthesis of the alkyl EDOT derivatives have been achieved using the same 
five step strategy for EDOT, but using several dibromoalkanes as opposed to 1,2-
dichloroethane. Generally, the hydrolysis and decarboxylation yields decrease with 
the increasing of the alkyl chain length as a result of the increasing lipophilicity of 
the molecules (Figure 5.2). 
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Some EDOT derivatives directly synthesised using different dibromoallmness• 
The synthesis of the 3,4-ethylenedioxythiophene methanol (EDOTM) (79), was 
carried on with the reaction of epichlorohydrin and dihydroxythiophene derivative, 
yielding a mixture of EDOTM and the hydroxylated ProDOT (ProDOT-OH) (80) 
(Scheme 5.3)\0. 
OH 
0 ri°H r\ HO OH I) ~CI 
Et02c.Ji:J-C02Et 
o 0 
Na2C03 b o 0 • + 0 2) NaOH 3)HCl s s 4) Cu, d EDOTM ProDOT-OH 
79 80 
Scheme 5.3 
Synthesis of hydroxy methylated 3,4-ethylenedioxythiophene (EDOTM) (79). 
Following this route, EDOTM (79) was subsequently converted to the water 
soluble sodium salt of the butanesulfonic acid-functionalised (EDOTS) (81) and into 
alkoxy derivatives ofEDOT (Scheme 5.4). 
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Scheme 5.4 
Synthesis of sulfonatoalkoxy-(81) and alkoxysubstituted EDOT derivativess. 
The most common route applied for the synthesis of EOOT (25) and its derivatives 
is the double Williamson etherification of the dialkyl 3,4-dihydroxythienyl-2,5-
dicarboxylate, which achieves EOOT (25) efficiently. But the ring closure reaction 
fails or low yields are obtained when hindered or higher substituted dihaloalkanes are 
used. Mitsunobu reaction has successfully applied to the synthesis of EOOT 
derivatives, where chiral derivatives were allowed to be obtainedll ,I2 (Scheme 5.5). 
HO OH 
-1:5-- + DIAD, TBP THF,40·C 
Scheme 5.5 
General reaction for the synthesis of EDOT derivatives under Mitsunobu reaction. 
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Thiophene-based monodisperse linear It-conjugated oligomers with a well defined 
chemical structure are the subject of considerable current interest related to their 
potential applications as active materials in organic electronic and photonic 
devices13. In this contest, EDOT (25) has emerged to the forefront of the chemistry 
of conjugated chemistryl4. The use of EDOT (25) as a building block allows the 
development of new conjugated systems with original properties such as polymers 
with improved electrochromic behaviour, precursors of electrogenerated functional 
conjugated polymers with a better aptitude for electropolymersation, polymers with 
small intrinsic band gaplS, and polymer with good photonic properties suitable for 
light emitting devicesl6 (Figure 5.3). 
Figure 5.3 
o 0 
82 \-.I 83 
Examples of structures using EDOT (25) as a building block, on the left polymer 
precursor (82) with extremely narrow band gap, 0.72. e pS, on the right precursor 
(83) of a light emitting polymer l6• 
The electrochemical polymerisation of the substituted precursors represent a 
simple and straightforward method for the elaboration of the polymer, in which the 
inherent electrochemical properties of the It-conjugated backbone are associated to 
the specific properties brought by the covalent fixations of the functional groups on 
the monomerl4. 
Chemical polymerisation of the polymer precursors includes chemical oxidation 
methodsl7 and transition metal catalysed coupling such as Stillel8, Yamamotol9 or 
Suzuki20 reactions. 
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5.2 Results and Discussion 
The experimental work described in this chapter has encompassed the synthesis of 
precursors and versatile building blocks for advanced functional It-conjugated 
systems. In the first part of this chapter, all the efforts have focussed on the synthesis 
of EDOT (25) and its 3,4-dioxyderivatives as monomers building blocks (22, 23). 
The work carried out in the second part of this section, focussed in a versatile method 
of synthesis of dimers based on EDOT (25) and its derivatives as precursors to 
copolymer synthesis. 
5.2.1 Synthesis of 3,4-EthyJenedioxythiophene (EDOT) and its 
derivatives 
5.2.1.1 Synthesis ofEDOT 
The adopted route for the synthesis of EDOT (25) is described in Scheme 5.2, 
following the methodology published by J. R Reynolds et al. 21 and A. Lima et al. 10 
in 1997 and 1998 respectively. However, these two routes of synthesis were based on 
the synthesis of 3,4-ethylenedioxythienyl-2,5-dicarboxylic acid published by Gogte 
in 1967. 
The synthesis of EDOT (25) started with the synthesis of diethyl thiodiglycollate, 
(78) which proceeded as expected, and a colourless liquid was obtained after 
refluxing thidiglycollic acid (77) with absolute ethanol in the presence of sulfuric 
acid. The double ester (78) was afforded with quantitative yield (91 %) and purity, 
making unnecessary the employment of any chromatography method for its isolation. 
The next step involved in the synthesis of EDOT (25) lies on the formation of the 
substituted thiophene ring, which is achieved by nucleophilic attack into both 
carbonylic carbons of diethyl oxalate from a deprotonated diethyl thiodiglycollate 
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(78) (Scheme 5.6). After the sulfurous ring is formed, deprotonation at the carbons 
next to sulfur leads to the formation of the aromatic thiophene, as a yellow powder of 
diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate disodium salt (84) (98 %). The 3,4-
dihydroxyl derivative (85) is obtained after dissolving the disodium salt (84) in water 
and treatment with concentrated hydrochloric acid, precipitating a white solid, which 
was collected and dried (yield 64 %) .. 
~c; m) (bEl 
Na+ _ _ Na+ 
EIo,C/"'-..S/"'-..CO,EI 
,,'0 1 BOO 
EtO,C/"'-..S/"'-..CO,EI 
78 
Scheme 5.6 
NaO ONa 
Etd':lM
EI 
EIO·...A
H f\... -oEI 
EtO, S Co,EI 
HO OH EIO'G~CO'EI 
85 
Mechanism for the formation of the substituted thiophene ring (85). 
After the diethyl 3,4-dihydroxythienyl-2,5-dicarborxylate (85) was formed, the 
subsequent step attempted was the creation of the 1,4-dioxane ring. The dioxane ring 
can be achieved from the 3,4-dihydroxyl derivative (85) by several methods, such as 
Mitsunobu reaction, which has been successfully employed in the synthesis ofEDOT 
(25) and its derivatives as a very versatile methodll•12• However, we opted for a 
double Williamson etherification with 1,2-dibromoethane under basic conditions, 
since it is a more accessible reaction and also allows moderate yields2,8,9,21. The 
reaction was performed in N,N-dimethyl formamide (DMF) as a solvent. The product 
was extracted from the mixture of reaction after the addition of hot acetone, followed 
by precipitation, and filtration. Consequent rinsing with hexane and water to remove 
DMF and crystallisation of diethyl 3,4-ethylenedioxythienyl-2,5-dicarboxylate (86) 
from ethyl acetate yielded a white solid (52 %) (Scheme 5.7). 
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Results and Discussion 
Synthesis of diethyl 3,4-ethylenedioxythienyl-2,5-dicarboxylate (86). 
The decarboxiIation step was achieved from the 2,5-dicarboxylic acid derivative 
(87) (Scheme 5.8). Hence, hydrolysis of diethyl 3,4-ethylenedioxythienyl-2,5-
dicarboxylate (86) had to be undertaken previously. Aqueous alkaline conditions and 
consequent acidification, allowed to achieve 3,4-ethylenedioxythienyl-2,5-
dicarboxylic acid (87) as a white solid with 79 % of yield. The 2,5-dicarboxylic acid 
derivative (87) was decarboxylated at 180°C in quinoline, with the presence of 
copper chromite catalyst and 57 % of yield. This method is different to the first 
published methods since the decarboxylation step was carried out by sublimation or 
by melting the diacid (87) at Iow pressure2,8, as opposite to the copper 
be smoothly chromite/quiniline method. However, despite 
decarboxylated in quinoline with copper catalyst, 
diacids can 
there is not significant yield 
differences and yields about 50 - 60 % have been reported in all the published 
methods8• 
~O I) NaOH I H20 r\o ~o b- 2)HCI 
H02c5cf--C02H 
copper chromite 0 Et02C ~ S ~ C02Et quinoline S 
86 79% 87 57% 25 
Scheme 5.8 
Hydrolysis and decarboxylation for the synthesis ofEDOT (25). 
Finally, the synthesis of EDOT (25) was achieved after six consecutive steps with 
13 % as overall yield starting from the synthesis of diethyl thiodiglycollate (78). 
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Electrochemical Characterisation of EDOT and PEDOT 
The electrochemistry of EOOT (25) and PEOOT (14) was studied by 
electrochemical techniques, such as cyclic voltammetry in acetonitrile solutions. 
Figure 5.4 shows the irreversible peak of oxidation of EOOT (25) at 1.5 V. The 
discrete oxidation peak indicate the fast rate of nucleation and the high reactivity of 
the radical cations generated. 
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Figure 5.4 
Cyclic voltammogram for the oxidation of EDOT (25) in fresh MeCN and 0.05 M 
[NBU4}{BFJ at a 3mm (dia.) Pt disk electrode using AgCI I Ag reference 
electrode; v = 75 mVs·1• 
By repetitively sweeping between 0 V and the maximum oxidation peak (Figure 
5.5), the polymer redox system appears in the range of -0.1 V to 0.8 V as polymer 
coats the electrode. The consecutive blue polymer formed on the surface of the 
electrode was studied in fresh electrolyte (Figure 5.6). The PEOOT (14) formed is 
oxidised at EOX = 0.5 V, and presents two peaks of reduction at E{ed = 0.7 V and E2red 
=OV. 
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Figure 5.5 
Multisweep cyclic voltammogramfor the oxidation of PE DOT (14) in fresh MeCN 
and 0.05 M [NBuJ[BFJ; v = 75 mVs·1. 
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Figure 5.6 
Multisweep voltammogram of PEDOT (14) in fresh electrolyte after the formation 
of the polymer in Figure 5.5,0.05 M [NBuJ[BFJ in MeCN; v = 25 mVs·l . 
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A series of cyclic voltammograms of a platinum electrode coated with PEDOT 
(14) were recorded over a range of potential scan rates (v). The current anodic 
intensity peaks were also measured (ipOX) (Table 5.1). For these studies, the metal 
electrode substrate and the polymer coating were removed from the polymerisation 
solution, rinsed with clean acetonitrile and place in a fresh electrolyte solution. 
Entry v (mVs;}) ipoI (!lA) 
a 25 33 
b 50 51 
c 75 85 
d 100 109 
e 150 170 
r 25 (repeat) 24 
Table 5.1 
Current oxidation intensifies recorded at different potential scan rates. 
The current intensities measured show a good linear dependence on potential scan 
rate (Figure 5.7). 
180 
. ./ . 
150 ~ 
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scan rate (mVls) 
Figure 5.7 
Peak cu"ent data taken from cyclic voltammograms of a Pt electrode (3mm dia.) 
• 
coated with PEDOT (14) infresh MeCN / [NBu4 [BF4J (O.05M) solution . 
• Repeated measurement at the slowest scan rate, see Table 5.1, entry f. 
, 
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These current intensities measured increase linearly with scan rate which is 
characteristic of electroactive species immobilised on the electrode surface. 
5.2.1.2 Synthesis ofEDOT derivatives 
A number of EDOT derivatives were synthesised employing the route utilised for 
the synthesis of EDOT (25). These 3,4-dioxysubstituted compounds (22, 23) share 
the same thiophene structure, and are dioxysubstituted at the positions 3 and 4 of the 
thiophene ring. Hence, diethyl 3,4-dihydroxythienyl-2,5-dicarborxylate (85) became 
in the synthetic starting point for al1 the EDOT derivatives synthesised (Scheme 5.9). 
f'I f'I 
o 0 I)NaOH/HzO 0'0-{0 1:S- 2)"0. -Z_>-
EI~C S COzEt HO~ S COzH 
"" 88 89 
copper chromite 
• quinoline 
.'" 
f'I 0,,,/ (J 
s 
90 
PhH,CO OCH,Ph Eto,C~Co,Et 
94 
I) NaOH 
H10/py 
2)HCI 
Ph~CO OCH.!Ph PhH:2C0'd0CH.!Ph 
-)-{ OO","h~;". r ~ 
HO C-It._>-CO H quinoltle S 
83% 2 S 2 78% 
9S 96 
Scheme 5.9 
Route of synthesis for all the monomers of EDOT derivatives synthesised 
The first synthesis of an EDOT derivative attempted was the synthesis of 3,4-
propylenedioxythiophene (ProDOT) (90), which is the propylene version of EDOT 
(25). ProDOT (90) shares with its parental version, good optical and electronic 
properties, and the possibility of being easily oxidised and electrochemically 
polymerised6•22, 
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The synthesis of ProDOT (90) proceeded without any significant difference 
(Scheme 5.9). The seven-member ring was achieved by two fold Williamson 
etherification of the hydroxyl groups of diethyl 3,4-dihydroxythienyl-2,5-
dicarborxylate (85) with one molecule of 1,3-dibromopropane in DMF under basic 
conditions, leading the formation of the diethyl 3,4-propylenedioxythienyl-2,5-
dicarboxylate (88) with 60 % of yield. 
The hydrolysis of the two diethyl ester groups in the position 2 and 5 of the 
thiophene was achieved in the same manner than the hydrolysis explained in the 
route of synthesis of EDOT (25).· Significantly lower yields were obtained in the 
hydrolysis of the esters from ProDOT (88) (55 %) in comparison to their EDOT 
equivalent (86) (79 %). The different yields can be explained in the use of an 
. aqueous medium to perform the hydrolysis. The fact of increasing in one carbon the 
dioxyalkyl chain can decrease considerably the solubility in an aqueous solvent, 
since the molecule becomes less polar. In the dioxyethylene chain, there are an equal 
number of atoms of carbon and atoms of oxygen, making the molecule more polar 
than the dioxypropylene chain, where the number of atoms of carbon is higher to the 
number of atoms of oxygen. 
The decarboxylation step was successfully achieved by the copper-quinoline 
method. However, decarboxylation undertaken by melting methods has been 
satisfactory reported for the same compounds. ProDOT (90) was finally attained as a 
solid, while EDOT (25) is a liquid at room temperature. The solid state of ProDOT 
(90) makes easier its manipulation and processability versus the liquid EDOT (25). 
Remarkable is the yield in the decarboxylation process of ProDOT (90) (82 %), 
which is significantly higher than the yield in the decarboxylation process of EDOT 
(25) (57 %). Once again, the differencies of yields can be explained by the different 
solubilities and polarities of the compounds in the solvent were the reaction took 
place, being the diacid from ProDOT (89) in principle more soluble in quinoline than 
the diacid from EDOT (87). 
The 'second EDOT derivative attempted was the synthesis of 3,4-
dibutoxythiophene (DBOT)23 (93). This compound had all our attentions since other 
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thiophene derivatives such as poly(3-alkylthiophene) was shown to be soluble and 
conducting. The idea of having an EDOT derivative with long alkyl chains in the 
positions 3 and 4 was promising. Studies ofpoly(3,4-dibutoxythiophene) (PDBOT) 
have been developed by H. Masuda et al.24 and demonstrated the easy chemical 
oxidative polymerisation by different reagements, such as copper (II) perchlorate, its 
solubility in low polar solvents as chloroform, tetrahydrofuran, or dichloromethane 
and its electrical conductivity, up to 1.9 x 104 S cm·l • 
The synthesis of DBOT (93) began with the double Williamson etherification over 
the two hydroxyl groups of diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate (85), with 
I-bromobutane in DMF under alkaline conditions (Scheme 5.9). The reaction was 
achieved with 88 % of yield. Consequent hydrolysis of diethyl 3,4-dibutoxythienyl-
2,5-dicarboxylate (91) in an aqueous solution of 5 % ofNaOH, and next treatment 
with chlorhydric acid allowed obtaining a white precipitate of 3,4-dibutoxythienyl-
2,5-dicarboxylic acid (92) with 62 % of yield. Hydrolysis of the ester employing 
absolute ethanol or ethylene glycol as a solvent has been reported, achieving yields 
between 80 - lOO %8. The decarboxylation step was attained using quinoline and 
copper chromite as a catalyst. 3,4-Dibutoxythiophene (93) was obtained with 75 % 
of yield as a yellow oil. 
3-4-Dibenzyloxythiophene (DBZOT) (96) (Scheme 5.9) was also other of the 
EDOT derivatives synthesised, the synthesis started with the etherification of the two 
hydroxyl groups of the 3,4-dihydroxyl thiophene derivative (85) by the Williamson's 
method with benzyl bromide in DMF under basic conditions. The achieved diethyl 
3,4-dibenzyloxythienyl-2,5-dicarboxylate (94) product was obtained as a solid with 
77 % of yield. Hydrolysis of the diester (94) in an alkali aqueous solvent with 5 % of 
NaOH did not proceed as expected due to the low solubility of the reactant, being the 
ester derivative (94) the majority of the product recovered. With the aim to increase 
the solubility in basic conditions, an aqueous solution of 5 % of NaOH was 
employed in conjunction to pyridine, in a volume ratio of 3:1 respectively. Finally 
3,4-dibenzyloxythienyl-2,5-dicarboxylic acid (95) was achieved with 63 % of yield. 
The decarboxylation step occurred as explained for the other derivatives, the 
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quinoline-copper method was employed and the final 3,4-dibenzyloxythiophene (96) 
was achieved with 78 % of yield. 
A description of all the yields for EDOT (25) and EDOT derivative synthesised is 
detailed in Table 5.2. 
Williamson Overall 
Compound etherification 
Hydrolysis Decarboxylation 
Yield 
Yield (%) 
Yield (%) Yield (%) 
(%) 
EDOT 
52 79 57 13 
25 
ProDOT 
60 55 82 15 
90 
DBOT 
88 62 75 23 
93 
DBZOT 
'63 77 78 22 
96 
Table 5.2 
Table with the yields obtained in the last three steps of synthesis and overall yield 
calculated from the synthesis of diethyl thiodiglycollate (78) in the synthesis of 
EDOT (25) and its derivatives. 
'Yield obtained using 25 % ofpyridine in the solvent of reaction. 
In the Table 5.2 two groups of yields can be made. For compounds were an upper 
ring is formed, such as EDOT (25) and ProDOT (90) the yields are relatively lower 
than for the compounds were no rings were formed, such as DBOT (93) and DBZOT 
(96). The difference of yield (about 9 %) is not insignificant, since the yield 
difference for the compounds inside of each group is only 1 or 2 units. The reason of 
this behaviour can be explained with the strain created in the formation of the upper 
ring, and also, with the low possibility that the same dibromoalkyl chain reacts with 
both hydroxyl groups in the same molecule. In fact, these two different groups can be 
seen also in the yields for the Williamson etherification, which is the step where the 
• 
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upper rings were fonned. Differences of yield between DBOT (93) and DBZOT (96) 
in the Williamson etherification can be explained by steric interactions, being 
considerably bigger in the case of the benzyloxy group than in the butoxy group. 
Attempted synthesis of EDOT derivatives 
The synthesis of the hydroxymethylated 3,4-ethylenedioxythiophene (EDOTM) 
(79) was attempted (Scheme 5.3). This synthesis is not reported in the experimental 
section of the present chapter due to this work is not totally accomplished and has 
been previously published by A. Lima et allO. However, a detailed experimental 
methodology can be found below. 
This synthesis started with the synthesis of diethyl thiodiglycollate (78), which has 
been already explained in this section. The next step involved the achievement of the 
thiophene aromatic ring. The methodology employed followed the previous synthesis 
. described in the synthesis of EDOT (25) (Scheme 5.2). Ionisation of diethyl 
thiodiglycollate (78) by deprotonation at the two carbons next to the sulfur led to the 
fonnation of a nucleophilic fonn, which was able to react to diethyl oxalate under 
basic conditions. The base employed, sodium methoxide, was the same base reported 
in the synthesis of EDOT (25) by F. Jonas25• The dissolution in water of the 
consequent disodium salt obtained, and acidification with hydrochloric acid, allowed 
to obtain a dimethyl and diethyl mixture of 3,4-dihydroxythienyl-2,5-dicarboxylate. 
This mixture was due to the use of diethyl thiodiglycollate (78), sodium methoxide 
and ethanol as reagents and solvent, in the conditions of reaction for the thiophene 
ring fonnation. The employment of different alkyl chains in the different reagents 
caused an interchange of the alkyl groups, ending with a mixture ratio of 1: 1 0 of 
methyl and ethyl chains in the 3,4-dihydroxythienyl-2,5-diester compound. 
The product obtained by this method presented a very easy crystallisation. Hence, 
fractional crystallisation was employed as a method to separate the three different 
compounds (diethyl diester, dimethyl diester, and the mixed ethyl methyl diester 
derivative). The fractional crystallisation process was carried out using a gradient of 
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hexane in ethyl acetate, but due to the similar polarity of the three compounds, no 
significant progress was made by this manner. As reported by F. Jonas in the 
synthesis of EDOT (25), the presence of a dimethyl and diethyl esters mixture was 
not a problem since in the previous step to the decarboxylation, there is a hydrolysis 
of the ester groups (Scheme 5.2). Hence, the work carried on with the reaction of the 
dialkyl mixture of 3,4-dihydroxythienyl-2,5-dicarboxylate and epichiorohydrin in the 
presence of potassium carbonate in ethanol (Scheme 5.3). The resulting products 
obtained by this mode were the 2,5-dialkyl esters (97, 9S) of the hydroxymethylated 
3,4-ethylenedioxythiophene (EDOTM) (79) and hydroxylated 3,4-propylenedioxy 
thiophene (proDOT-OH) (SO) (Figure 5.S). 
Figure 5.S 
;00H 
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98 
Dialkyl ester of EDOTM (97) and dialkyl ester of ProDOT-OH (98). Where R = 
methyl or ethyl. 
The procurement of these two isomers (when the ester group is not considered) is 
due to the two fold ways of opening the epoxide ring of epichlorohydrin. If the 
opening reaction is via CH of the epichlorohydrin, the product formed is the 
EDOTM derivative (97). If the opening reaction involves the CH2 of the epoxide 
ring, the product obtained is the ProDOT -OH derivative (9S) (Scheme 5.10). 
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Results and Discussion 
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Two fold routes of opening the epichlorohydrin ring. Where R = methyl or ethyl. 
Hence, the number of different molecules in the mixture increased until eleven (if 
the ester groups are considered), being three compounds from the ProDOT-OH 
diester system (98), and four pairs of enantiomers from the EDOTM diester system 
(97), due to its chiral carbon in the dioxyethylene chain. The next step involved the 
hydrolysis of the ester groups, which should reduce the mixture into only three 
different isomers: the R and S enantiomers of 3,4-(2-hydroxymethyl)ethylene 
dioxythienyl-2,5-dicarboxylic acid (dicarboxylic acid of EDOTM), and 3,4-(3-
hydroxypropylene )dioxythienyl-2,5-dicarboxylic acid (dicarboxylic acid of ProDOT-
OH). The hydrolysis of the mixture proceeded in an aqueous solution of sodium 
hydroxide at reflux, followed by acidification with hydrochloric acid. A black 
insoluble powder was collected after a precipitated was formed. 
This work did not carry on further than the work explained above. However, this 
work was useful in the synthesis of EDOT (25) and its derivatives. The synthesis of 
EDOTM (79) was attempted previously to the synthesis of EDOT (25) and its 
derivatives. Hence, for subsequently synthesis, the formation of more than one 
compound was avoided using the same alkyl chain in the esters and bases employed 
(see the synthesis of diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate disodium salt 
(84), in the experimental section of the current chapter). 
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5.2.2 Synthesis of dimers based on 3,4-dialkoxythiophene 
A broad number of examples about the synthesis of dimers and trimers based on 
EDOT (25) in conjunction to other different units can be found in the literature. The 
major application of these heterodimers and heterotrimers is the subsequent 
polymerisation by chemical and electrochemical methods with the consequent 
control on the repetitive units of the polymer, avoiding random polymerisation. 
The fabrication of these dimers and trimers involves sophisticated reactions, such 
as coupling reactions using transition metal catalysts in Stille13,15,26, 
Yamamoto19,27,28, Suzuki29, or Negishi4 coupling reactions. Also, more ingenious 
methods are employed with the aim to link or create new units attached to an exiting 
moiety, Paal-Knorr (in the synthesis of thiophene, furan or pyrrole)30,31, and 
Knoevenagel condensations3 (Scheme 5.11), Wittig, or Wittig-Homer13 reactions are 
among them. 
n + R1~s?--CHO 
R, R, 
Scheme 5.11 
Knoevenagel type condensation for the synthesis of thiophene based trimers3. 
The methodology proposed for the synthesis of 3,4-dialkoxythiophene based 
dimers followed the same type of reaction described for the synthesis of diethyl 3,4-
dihydroxythienyl-2,5-dicarboxylate (85) (Scheme 5.6). In this case, one of the ester 
groups of diethyl thiodiglycollate (78) is substituted by a thiophene ring, giving ethyl 
2-(2-thienylmethylsulfanyl)acetate (99) (Figure 5.9). 
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Figure 5.9 
EthyI2-(2-thienylmethylsu/fanyl)acetate (99). 
Results and Discussion 
Deprotonation of the two carbons next to the sulfur would lead a reactive species 
that could react with ethyl oxalate to achieve a 3,4-dihydroxythiophene ring, which 
would be directly attached to a thiophene ring (100). Consequently, the new unit 
created would have two hydroxyl groups on the top side of the molecule that could 
allow the procurement of the EDDT (25) or EDDT derivative units, by Williamson 
etherification with the corresponding halide reagent. The final molecule obtained 
would be a thiophene ring linked by the position 2 to a 3,4-dioxysubstitutedthiophene 
(Scheme 5.12). 
1\ 
sHO ~s~ HO OH 
:hH2COHOCH2Ph 
Qj"/ 
103 
101 f\ ~ D 
~O/~Br S ~, Br ~ /i S ° 100 Br ""-... ""-... ""-... H,C(H2C)' O(CH2hCH, ~ 
102 104 
Scheme 5.12 
Several dimers based on thiophene and 3,4-dioxysubstitutedthiophene units. 
Hence, all the initial efforts were focussed on the synthesis of ethyl 2-(2-
thienylmethylsulfanyl)acetate (99) (Figure 5.9). 
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5.2.2.1 Attempted synthesis of ethyl 2-(2-thienylmethylsulfanyl)acetate 
The first method employed consisted in a one pot reaction with two successive 
steps (Scheme 5.13). The initial buiding block from which the rest of the molecule 
would be constructed was thiophene-2-methanol (105). 
~OH 
S 
11 -
+ CI-W-Q-
o 
105 
Scheme 5.13 
2eq. NaH 
, 
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Route proposed/or the synthesis 0/ ethyI2-(2-thienylmethylsulJanyl)acetate (99). 
This route of synthesis was attempted twice and proceeded as follow: 
In a 250 ml round-bottomed flask, two equivalents of sodium hydride, p-
toluenesulfonyl chloride and dried diethyl ether were introduced. The mixture was 
stirred under nitrogen at -78°C. Over this mixture, thiophene-2-methanol (105) was 
added. After I hour of reaction, ethyl 2-mercaptoacetate (106) was introduced into 
the flask by a syringe. Two hours after the second addition, high pressure was 
generated inside the flask, causing loss of some of the product. However, a small 
portion of the resulting product of reaction could be recovered in both cases. With 
the aim of analysing the product, the solvent was dried over MgS04, and evaporated. 
At the first attempt a yellow oil was obtained. The oil mixture was separated by a 
silica chromatography column, using a mixture of hexane and dichloromethane as 
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eluting solvent with a mixed ratio of 7:1 respectively. Two different fractions were 
obtained. The first fraction was not very pure but the IH NMR spectrum had some 
peaks matching in multiplicity and chemical shifts (OH) with the IH NMR spectrum 
of ethyl 2-(2-thienylmethylsulfanyl)acetate (99), which was obtained later on by 
another route of synthesis (see experimental section of the current chapter). The 
proton chemical shifts and multiplicities obtained are shown next: OH (400 MHz, 
CDCh) 1.29 (t), 3.17 (s), 4.06 (s), 4.18 (q), 6.94-7.02 (m), 7.24-7.26 (m). The major 
disagreement between all the peaks was in the peak integration. The integration for 
the aromatic peaks is considerably larger than the integration peaks for the non-
aromatic peaks. Also, a lack of relationship could be found between the non-aromatic 
peaks. The second fraction was pure ethyl2-mercaptoacetate (106). 
At the second attempt, a brown oil was acquired. The different products were 
separated by a chromatography column using hexane and dichloromethane as a 
solvent mixture with the ratio 4: I respectively and three different fractions were 
found. None of them could be recognised by IH NMR and comparison with the IH 
NMR spectrum of ethyl 2-(2-thienylmethylsulfanyl)acetate (99) could not be done. 
An explanation of this behaviour could not be found, but the fact that the two 
incidents occurred at the same point of reaction, makes us think that there was an 
uncontrolled process in the development of the reaction. After these two consecutive 
incidents and the non-evidence of a successful product, this route of synthesis was 
abandoned. 
5.2.2.2 Synthesis of ethyl 2-(2-thienylmethylsulfanyl)acetate 
Despite using a novel route for the synthesis of ethyl 2-(2-
thienylmethylsulfanyl)acetate (99) (previously explained), a methodology for the 
synthesis of the similar methyl 2-(2-thienylmethylsulfanyl)acetate can be found in 
the literature. A. De et al. reported a route of synthesis of heterocycles onto a 
thiophene ring, in which methyl 2-(2-thienylmethylsulfanyl)acetate acts as a 
intermediate producf2• 
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To achieve this synthesis, the initial building block proposed was 2-
fonnylthiophene (28) (Scheme 5.14). The fist step involved the synthesis of an 
intennediate product, 2-[bis( ethoxycarbonylmethylsulfanyl)methyl]thiophene (107). 
In this synthesis, 2-fonnylthiophene (28) was mixed with ethyl mercaptoacetate 
(106) in dichloromethane and stirred at room temperature. Aluminium chloride was 
mashed and added in small portions to the mixture under cooling. The mixture turned 
coloured and turbid as the reaction proceeded. After the addition, the reaction was 
additionally stirred for another extra 10-15 minutes and was then hydrolysed with 20 
ml of water. Extraction from the reaction mixture achieved the product as a yellow 
oil with 99 % yield. 
The next step involved the removal of one ethyl mercaptoacetate chain and the 
consequent reduction of the methylene group (Scheme 5.14). These two processes 
occurred in the same reaction. The elimination of the mercaptoacetate chain 
succeeded under trifluoroacetic acid conditions, which was added to the mixture at 0 
°C and stirred for 30 minutes. The addition of the hydride anions was achieved with 
the employment of the pyridine-borane complex. After the addition of the reducing 
agent was completed, the reaction was stirred for another extra 30 minutes. 
Extraction of the product under basic conditions first, and neutral afterwards allowed 
obtaining a crude of reaction with a strong pyridine smell. Treatment with a 
chromatography column using hexane and dichloromethane with a mixed solvent 
ratio of5:1, allowed achieving the product (99) as a yellow oil with 79 % of yield. 
0 ~r 
~ HS...)lO ........ 0-< CF1COOH • Aiel) pyridine-boranc 
dichloromethane S S~o dichloromethane 
99% 79% 
o L 
28 107 99 
Scheme 5.14 
Route employed/or the synthesis 0/ ethyI2-(2-thienylmethylsulfanyl)acetate (99). 
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A. De et al. proposed a mechanism for this reaction, in which a sulfonium cation is 
generated after the treatment with trifluoroacetic acid, which favoured the reduction 
with pyridine-borane complex (Scheme 5.15). 
-
107 
BH, 
99 
Scheme 5.15 
Mechanism proposed by A. De et ajl2. 
This method is clearly more effective and safer than the novel method tried in the 
previous route of synthesis. Besides, exceIIent yields are achieved by the latest 
method, with an overall yield of78 %. 
5.2.2.3 Attempted synthesis of ethyl 3,4-dihydroxyl-2-(2-thienyl)thienyl-5-
carboxylate 
Once ethyl 2-(2-thienylmethylsulfanyl)acetate (99) was synthesised, the foIIowing 
aim was the synthesis of ethyl 3,4-dihydroxyl-2-(2-thienyl)thienyl-5-carboxylate 
(lOO) (Figure 5.10). 
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Figure 5.10 
EthyI3.4-dihydroxyl-2-(2-thienyl)thienyl-5-carboxylate (100). 
Results and Discussion 
The method employed for the synthesis of this bithiophene derivative, was the 
direct reaction of ethyl 2-(2-thienylmethylsulfanyl)acetate (99) with diethyl oxalate. 
A mixture of ethyl 2-(2-thienylmethylsulfanyl)acetate (99), diethyl oxalate was 
added to a solution of four equivalents of sodium ethoxide in ethanol at 0 °C. When 
the addition was completed, the mixture was heated until reflux for 2 hours. After the 
stirring, a mixture of a black and orange solid was recovered. The solid was 
dissolved in water and treated with hydrochloric acid. As opposite to the synthesis of 
diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate (85), a precipitate did not appear. The 
mixture was washed with dichloromethane and a brown oil was obtained, which was 
purified by chromatography column using silica gel and dichloromethane as a eluting 
solvent. IH NMR spectrum of the products obtained did not show any evidence of 
the desired product. According to the 1 H NMR spectrum, one of the possible 
products formed could be diethyl 2-oxo-3-(2-thienylmethylthio )succinate (108) 
(Figure 5.11). Hence, there is not signal at 3.13 ppm corresponding to the two proton 
of the methylene next to the carbonyl in the starting material. Instead, there is a 
singlet at 4.61 ppm, which integration is half the value of the integration of another 
peak at 4.04 ppm. The peak at 4.04 ppm also showed up in the starting material1H 
NMR spectrum (4.05 ppm), and both of them have the same multiplicity and 
coupling constant (0.8 Hz). In the starting material, the peak at 4.05 ppm 
corresponded to the two protons of the methylene next to the thiophene ring. All 
these evidences suggested that the succinate derivative was the product obtained. No 
more characterisation was done, as the product did not seem to be the product 
expected. 
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Figure 5.11 
DiethyI2-oxo-3-(2-thienylmethylthio)succinate (J08). 
Results and Discussion 
The fonnation of the diethyl 2-oxo-3-(2-thienylmethylthio)succinate (108) can be 
easily explained if the acidity of the two carbons next to the sulfur are compared. 
Ionisation of the methylene next to the carbonyl can be easily achieved due to the 
delocalisation of the negative charge through the carbonyl group, leading to a 
relatively low pKa, easily reachable by a base such as sodium ethoxide. Ionisation on 
the methylene next to the thiophene ring would be more difficult to attain due to the 
lack of any withdrawing group. The negative charge generated would not have a 
stable delocalisation along the aromatic ring; hence, the pK. for this ionisation would 
be relatively high and unreachable by sodium ethoxide. 
Stronger bases were employed. The first new base used was sodium hydride. The 
reaction was perfonned in DMF under nitrogen atmosphere. The mixture was heated 
at 100 °c for 10 minutes when a vigorous bubbling took place. After neutralisation of 
the reaction and acidification with hydrochloric acid, a black oil was obtained, which 
was purified by chromatography column over silica, and hexane and 
dichloromethane 1: 1 as mixed eluting solvent, affording a mixture of two 
compounds. The compound proposed as diethyl 2-oxo-3-(2-thienylmethylthio) 
succinate (108) was again obtained and also, another compound was obtained at the 
same ratio of concentration. These two compounds had in common a thiophene ring, 
and also, the same coupling constant in the 1 H NMR spectrum for a 2-substituted 
thiophene ring (1.2, 3.2 and 5.2 Hz). This fraction was re-purified over silica, using a 
mixture of hexane and dichloromethane in a ratio 9:1. The same mixture was 
attained. BC NMR spectrum, proton-proton correlation and proton-carbon 
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correlation did not offer any relevant information in order to identify the second 
compound. 
The choice of the solvent was also considered and the new reactions were 
performed with sodium hydride in dried diethyl ether. The reaction was prepared in 
the same conditions previously explained, and heated until reflux. After 4 hours, the 
mixture was cooled down and stirred for an extra 10 hours under nitrogen at room 
temperature. After neutralisation of the mixture, and acidification with hydrochloric 
acid, a reddish oil was obtained. IH NMR spectrum did not show any new 
information rather than the previously obtained for the same reaction. Mass 
spectrometry and infrared spectroscopy did not show any clarified results, the 
molecular ion was recorded at 322 rnIz, so 6 units higher than the molecular mass 
expected for diethyl 2-oxo-3-(2-thienylmethylthio)succinate (108) (316 rnIz). 
However, peaks at 83, 97, 128 and 129 rnIz were found, which correspond to 
molecular fractions of thiophene, thiophene attached to a CH2, thiophene attached to 
CH=S, and thiophene attached to CH2S, respectively. The infrared spectroscopy 
showed two intense peaks at 1250 and 1750 cm·l , which suggest the presence of an 
acid carboxylic group. Repetition of the same experiment, only allowed the 
achievement of a good replication of the results. 
Another of the strong based employed was lithium diisopropylamide (LDA), 
which was prepared in situ and used with tetrahydrofuran (THF). In a round-
bottomed flask, diisopropylamine and n-butyllithium were mixed and stirred under 
nitrogen for 5 minutes, and dried THF was added. A mixture ofTHF, diethyl oxalate, 
and ethyl 2-(2-thienylmethylsulfanyl)acetate (99) was also added by syringe and 
stirred at -78°C for 3 hours. Then, the mixture was neutralised and acidified with 
hydrochloric acid. The mixture was washed, dried over MgS04, and the solvent 
removed, leading to the attaimnent of a very thick oil, which solidified on standing. 
The solid was purified over silica and a mixture 1: 1 of hexane and dichloromethane. 
The same product was achieved. 
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5.2.2.4 Attempted synthesis of ethyl 2-(5-bromo-2-thienyl methyl sulfanyl) 
acetate 
Due to the difficult deprotonation and reactivity of the methylene between the 
thiophene ring and the sulfur in ethyl 2-(2-thienylmethylsulfanyl)acetate (99) 
(Figure 5.9), new routes were developed in order to increase its reactivity. The idea 
of attaching a bromine atom in the position 5 of the thiophene ring was suggested by 
J. R. Reynolds (University of Florida). With this modification, the electron-
withdrawing character of the thiophene would be increased, making the 
deprotonation process easier, and at the same time, the presence of a bromine atom 
would be very useful in order to accomplish any of the transition metal catalysed 
coupling reaction. 
The first method employed for the synthesis of ethyl 2-(5-bromo-2-
thienylmethylsulfanyl)acetate (109) (Figure 5.12) was an adaptation of the 
methodology applied in the bromination of fluorenes33,34 (chapter 3). Ethyl 2-(2-
thienylmethylsulfanyl)acetate (99) was dissolved in chloroform and ferric chloride 
was added afterwards at 0 QC. Bromine was added and the mixture warmed at room 
temperature and the solution stirred in the dark for 3 hours. The resulting red solution 
was poured into water and then washed with sodium thiosulfate until the red colour 
disappeared. Subsequent drying and evaporation of the solvent attained an orange oil. 
109 
Figure 5.12 
Ethyl 2-(5-bromo-2-thienylmethylsulfanyl)acetate (109). 
The IH NMR spectrum showed a single product with three peaks, which was not 
in accordance with the product expected. oH(400 MHz, CDCh) 1.29 (3 H, t, J 7.2 
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Hz), 3.58 (2 H, s), 4.06 (2 H, q, J7.2 Hz). The IH NMR spectrum obtained was very 
similar to the IH NMR spectrum of ethyl 2-mercaptoacetate (106). Hence, 
decomposition of the molecule occurred under the conditions of reaction employed. 
A mechanism for the decomposition has been proposed based on the early steps of 
the Pununerer rearrangement, which involves the halogenation at sulfur. When the 
bromo-sulfonium ion is formed, the presence of a nucleophile atom, such as bromide 
can promote the fracture of the CoS bond by SN2 displacement of the 
mercaptoacetate moiety (Scheme 5.16). 
--~. + 
~Br 
Scheme 5.16 
Mechanism proposed for the decomposition in the halogenation reaction. 
5.2.2.5 Synthesis of etbyI2-(5-bromo-2-tbienylmethylsulfanyl)acetate 
After the undesirable results were attained using bromine as a brominating 
reagent, other sources of bromine were employed. The next method tried was more 
successful than the preceding one, it employed N-bromosuccinimide (NBS) as a 
brominating agenes. Ethyl 2-(2-thienylmethylsulfanyl)acetate (99) and NBS were 
stirred in a I: I mixture of chloroform and glacial acetic acid under reflux for 1 hour. 
After washing the reaction mixture with sodium hydroxide, drying and evaporation 
of the solvent, a crude of reaction was obtained, which was purified over silica, using 
an eluting mixture ofhexane and dichoromethane with a 1:1 ratio. EthyI2-(5-bromo-
2-thienylmethylsulfanyl)acetate (109) was attained as an orange oil with 20 % yield. 
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The same route of synthesis employed for the compound ethyl 2-(2-thienylmethyl 
sulfanyl)acetate (99) (Scheme 5.14) was also applied here, with the aim of increasing 
the yield (Scheme 5.17). In this new methodology the bromine atom is attached into 
the thiophene ring from the starting material. Hence, 5-bromo-2-
thiophenecarboxaldehyde (110) was proposed as the initial building block of the 
molecule. Two molecules of ethyl 2-mercaptoacetate (106) were attached into the 
carbonylic carbon of the molecule with a Lewis acid catalyst as explained in the 
experimental section of this chapter. 5-bromo-2-[bis(ethoxycarbonylmethylsulfanyl) 
methyl]thiophene (111) was obtained with 92 % yield. 
Removal of one of the ethyl mercaptoacetate chains by acidification and the 
consequent reduction (Scheme 5.17) under trifluoroacetic acid and pyridine-borane 
complex conditions was performed as seen in the synthesis of ethyl 2-(2-
thienylmethylsulfanyl)acetate (99) (Scheme 5.15), and explained in the experimental 
section of the current chapter. Ethyl 2-(5-bromo-2-thienylmethylsulfanyl)acetate 
(109) was attained as an orange oil with 96 % yield in the reducing step and 88 % as 
an overall yield. 
Br-fl \~o 
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A very successfol route of synthesis of ethyl 2-(5-bromo-2-thienylmethylsulfanyl) 
acetate (109). 
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5.2.2.6 Attempted synthesis of ethyl 3,4-dihydroxyl-2-(5-bromo-2-
thienyl)thienyl-5-carboxylate 
After the brominated compound was formed, the next step involved the synthesis 
of the substituted thiophene ring to generate ethyl 3,4-dihydroxyl-2-(5-bromo-2-
thienyl)thienyl-5-carboxylate (112) (Figure 5.13). 
HO OH 
Br 
112 
Figure 5.13 
Ethyl 3,4-dihydroxyl-2-(5-bromo-2-thienyl)thienyl-5-carboxylate (112). 
The method employed for the synthesis of the brominated bithiophene derivative 
(112) was the reaction between ethyl 2-(5-bromo-2-thienylmethylsulfanyl)acetate 
(109) after ionisation with a base, and diethyl oxalate. 
The first base employed was five equivalents of sodium ethoxide in ethanol. The 
preparation of the reaction was achieved as explained in the non-brominated 
analogue (100), described earlier in this chapter. After being stirred for 2 hours under 
reflux, the reaction mixture was left to cool down and a solid appeared, which was 
filtered and washed with ethanol. The solid was dissolved in water and acidified with 
hydrochloric acid. The mixture was poured into a separating funnel and then, washed 
with ethyl acetate. The organic phase was dried and evaporated. A brown oil was 
attained. The IH NMR spectrum of the oil showed the presence of the starting 
material. 
The next conditions tried to achieve the synthesis of ethyl 3,4-dihydroxyl-2-(5-
bromo-2-thienyl)thienyl-5-carboxylate (112) were sodium hydroxide as a base and 
dried diethyl ether as a solvent. The reaction was carried out as explained in the 
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attempted synthesis for the analogue un-brominated compound (100) with· the 
employment of the same reagents. After 3 hours heating at reflux, the reaction 
mixture was neutralised and consequently acidified with hydrochloric acid. The 
mixture was washed with ethyl acetate. Drying and evaporating the solvent allowed 
the attainment of a brown oil. lH, and 13C NMR spectra, proton-proton and proton-
carbon correlations and mass spectrometry did not show any information that could 
indicate that the product obtained was the desired compound (112). 
5.2.2.7 Attempted synthesis of ethyl 2-«5-formyl-2-thienyl)methyIthio) 
acetate 
With the aim of increasing the electron-withdrawing character of the thiophene 
ring, the synthesis of ethyl 2-«5-formyl-2-thienyl)methylthio)acetate (113) was 
attempted (Figure 5.14). 
Figure 5.14 
Ethyl 2-((5-formyl-2-thienyl)methylthio )acetate (113). 
The presence of the carbaldehyde group into position 5 of the thiophene ring 
would make the ionisation of the methylene next to the thiophene ring more easily 
achieved, due to the large conjugation of the system across the thiophene ring and the 
aldehyde (Scheme 5.18). The stabilisation generated for this compound would have 
another side effect, decreasing the pKa of this methylene, making it more accessible 
to the deprotonation by a base. 
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Results and Discussion 
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Deprotonation of ethyl 2-((5-formyl-2-thienyl)methylthio)acetate (113) by a base. 
The introduction of the 5-acyl substituent was attempted by direct electrophilic 
substitution on the thiophene ring. In the method applied, ethyl 2-(2-
thienylmethylsuIfanyl)acetate (99) was used as a substrate in an aluminium chloride 
Friedel-Crafts acylation reaction36• A mixture of ethyl 2-(2-
thienylmethylsulfanyl)acetate (99) and aluminium chloride was stirred at 0 °C in 
dichloromethane. To this mixture, 1,I-dichloromethyl methyl ether was added 
drop wise and the resulting orange solution stirred at 0 °C for 5 hours. The reaction 
mixture was poured into a beaker containing water and ice. The organic layer was 
collected, and the aqueous layer was extracted thoroughly with dichloromethane. The 
combined extracts were washed with water and brine, dried over MgS04 and 
concentrated at low pressure until an oil was obtained, which was characterised as 
starting material. 
After the last unsuccessful attempt, the formylation of the thiophene was tried 
employing the same conditions used in the acylation of EDOT (25) (chapter 2), using 
phosphorus oxychloride (PO Ch) and DMF in a Vilsmeier-type reaction37• POCl) was 
added dropwise into a flask containing DMF at 0 °C and allowed to stir for 20 
minutes. Ethyl 2-(2-thienylmethylsulfanyl)acetate (99) was added into the mixture 
over a period of 30 minutes. The resulting mixture was stirred overnight at room 
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temperature and heated at 80°C for 1 hour. The reaction mixture was cooled and 
poured into ice. The products obtained were extracted using dichloromethane, and 
the solvent dried over MgS04 and removed in vacuo allowing the attaimnent of an 
oil. The spectroscopic characterisation of the oil only showed starting material. 
Due to the difficulties found in the direct acylation of ethyl 2-(2-
thienylmethylsulfanyl)acetate (99) (Figure 5.14). A new route of synthesis based on 
2,5-diformylthiophene (114) as a initial building block was considered (Scheme 
5.19). 
AICI, 
o s CI,CHOCH, 
lo~ o~[' CF,COOH 
pyridine-borane 
113 
Scheme 5.19 
o ~o 
114 
s:Fr 
0-! o~' \\ 0 
115 orL 
Considered route of synthesis for ethyl 2-((5:formyl-2-thienyl)methylthio) acetate 
(113). 
This new route starts with the synthesis of the diformylthiophene (114). The 
achievement of this product was attempted using a Friedel-Crafts acylation reaction. 
In the reaction, four equivalents of aluminium chloride were stirred in 
dichloromethane. To this mixture, a solution of one equivalent of thiophene and two 
equivalents of 1, I-dichloromethyl methyl ether in dichloromethane were added 
dropwise at 0 °C and stirred at room temperature overnight. The reaction mixture was 
poured into a beaker containing water and ice. The organic layer was collected, and 
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the aqueous layer was extracted thoroughly with dichloromethane. The combined 
extracts were washed with water and brine, dried over MgS04 and concentrated at 
low pressure giving a dark oil, which had a strong almond smell. The product 
obtained was characterised as 2-formylthiophene (28). The synthesis of 2,5-
diformylthiophene (114) was not accomplished. However, big problems would have 
been found in the next step, due to the selective addition of the two molecules of 
ethyl2-mercaptoacetate (106) into only one of the carbaldehyde groups. 
5.2.2.8 Synthesis of ethyl 2-«N-phenylsulfonyl-2-pyrrolyl}methylthio) 
acetate 
After the unsuccessful results obtained with thiophenes, the same methodology 
was applied to pyrrole systems. As described for the thiophene systems, 3,4-
dioxosubstituted thiophene is formed by deprotonation of both methylene at both 
sides of the sulfur, and consequent reaction with diethyl oxalate. The same reaction 
was applied to the pyrrole system. The product proposed as a starting material, ethyl 
2-«N-phenylsulfonyl-2-pyrrolyl}methylthio}acetate (116) bears a phenylsulfonyl 
group attached to the pyrrole nitrogen (Figure 5.15). 
Figure 5.15 
Ethyl 2-((N-phenylsulfonyl-2-pyrrolyl)methylthio)acetate (116). 
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The phenylsulfonyl substituent serves two purposes: it activates the acylation in 
position 2 of the pyrrole36, and its electron withdrawing character would favour the 
deprotonation of the methylene next to the pyrrole. Once the thiophene ring is 
formed, the phenylsulfonyl group can be removed by mild basic hydrolysis. Hence, 
this new route of synthesis started with the attachment of the phenylsulfonyl group 
into the nitrogen of the pyrrole (Scheme 5.20). This attachment can be achieved by 
mixing in basic conditions, pyrrole and phenylsulfonyl chloride38,39, as explained in 
the experimental section of the current chapter, where a 72 % yield was obtained. 
0 NaOH 0 AICI, • 0 N N o-~-a I ClzCHOCH, H 0 o=s=o 
72% 0 16% 
117 118 
AICI, j HSJO ......... 
90% 106 
CF,COOH 
pyridine-borane 
56% 
116 
Scheme 5.20 
Route of synthesis for ethyl 2-((N-phenylsulfonyl-2-pyrrolyl)methylthio)acetate 
(116). 
The next step involved the attachment of the carbaldehyde group into the position 
2 of the pyrrole. M. Kakushima et al. developed a methodology in which the 
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preferential introduction of an acyl substituent in the position 2 is exclusive when 
aluminium chloride and I,I-dichloromethyl methyl ether are employed36• The crude 
obtained in this reaction was a black solid due to the metallic impurities. Purification 
by crystallisation employing hot hexane or by a chromatographic coluurn over silica, 
using a mixed solvent ratio of 1:3 of hexane and dichloromethane respectively did 
not offer the results expected, and the product collected still contained black metallic 
impurities. A very effective method of purification was found in the Soxleth 
extraction. In this technique, the crude of the reaction was placed into a cellulose 
chamber and then, successively washed with boiling hexane for 10 hours. At the end 
of the experiment, a black residue remained into the cellulose chamber and white 
crystals appeared into the flask containing the hexane. The crystals were collected, 
dried and characterised as N-(phenylsulfonyl)pyrrole-2-carbaldehyde (118), which 
was obtained with a 16 % yield. A detailed procedure can be found in the 
experimental section of this chapter. 
The next step attempted was the addition of the chains of ethyl 2-mercaptoacetate 
(106) into the carbonylic carbon with aluminium chloride in dichloromethane. The 
methodology has already been explained for similar systems and a detailed procedure 
can be found in the experimental section of the current chapter, where 2-
[bis( ethoxycarbonylmethylsulfanyl)methyl]-N-(phenylsulfonyl)pyrrole (119) was 
obtained with 90 % yield. 
After the attachment of the two mecaptoacetate chains was accomplished, the next 
reaction involved the removal of one of the chains and the consequent reduction with 
pyridine-borane complex. The reaction proceeded as explained in the experimental 
section and ethyl 2-«N-phenylsulfonyl-2-pyrrolyl)methylthio)acetate (116) was 
obtained with 56 % yield after purification over silica in a chromatographic column, 
using hexane and dichloromethane 1:4 as a mixed solvent ratio respectively. 
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5.2.2.9 Attempted synthesis of ethyl 3,4-dihydroxyl-2-(N-(phenylsulfonyl)-
2-pyrrolyl)thienyl-5-carboxylate 
Once ethyl 2-«N-phenylsulfonyl-2-pyrrolyl)methylthio )acetate (116) was 
synthesised, the next step involved the reaction of the pyrrole derivative and diethyl 
oxalate under sodium ethoxide and ethanol conditions to achieve ethyl 3,4-
dihydroxyl-2-(N-(phenylsulfonyl)-2-pyrrolyl)thienyl-S-carboxylate (120) (Figure 
5.16). The reaction proceeded as previously explained for similar systems. After 
being stirred overnight, a solid appeared in the reaction flask, which was collected 
and dissolved in water, where it was subsequently acidified with hydrochloric acid. 
A solid appeared, which was collected and analysed. The data obtained did not show 
the presence of the compound desired. 
o~ 
Figure 5.16 
Ethyl 3,4-dihydroxyl-2-(N-(phenylsulfonyl)-2-pyrrolyl)thienyl-5-carboxylate (120). 
5.2.2.10 Synthesis ofl-bromo-3,4-ethylenedioxythiophene 
Due to the unsuccessful results obtained in the synthesis of dimers containing a 
substituted thiophene ring bearing hydroxyl groups at the 3 and 4 positions, new 
techniques were considered. Coupling reaction of EDOT (25) with thiophene rings or 
other moieties can be found in the literature. For example, transition metal-catalysed 
coupling reactions of EDOT (25) with brominated molecules, following a Negishi 
pattern reaction4, or Yamamoto coupling between two brominated molecules are 
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among them. These routes do not allow the versatility of the proposed unsuccessful 
method previously explained, but are an alternative path in order to achieve the same 
compounds. 
With the purpose of achieving a Negishi or Yamamoto coupling reaction using 
EDOT (25) as a building block monomer, the bromination of EDOT (25) was 
accomplished. EDOT (25) and NBS were mixed in a 1:1 solvent mixture of 
chloroform and glacial acetic acid respectively4o. After 3 hours of reaction, the 2-
bromo-3,4-ethylenedioxythiophene16 (121) (Figure 5.17) was achieved with 
quantitative yield (90 %). 
121 
Figure 5.17 
2-bromo-3,4-ethylenedioxythiophene (121). 
After the successful achievement of the brominated EDOT, the next coupling 
synthesis could not be achieved. 
5.2.3 Comments and Conclusions 
The major work accomplished in this chapter has been based on the synthesis of 
monomers and dimers based on EDOT (25) or EDOT derivatives. For both cases, the 
main purpose for their synthesis is the subsequent controlled polymerisation under 
chemical or electrochemical procedures. 
In the synthesis of the monomers based on EDOT (25), the work accomplished has 
been successful and a series of compounds with substitutions at the 3 and 4 positions 
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of the thiophene have been developed. Despite the lack of electrochemical and 
electroluminescent characterisation, these compounds are potentially applicable to 
semiconducting or electroluminescent purposes. 
The second aim in this chapter consisted of developing a versatile system that 
allows the attainment of a large number of different dimers based on 3,4-
dioxosubstituted thiophenes with a simple reaction such as Williamson etherification. 
Despite this idea, the method could not be totally accomplished due to problems with 
deprotonation in one of the methylene of the system. However, due to the open 
nature of the dimers, new methods based on the attachment of different functional 
groups can be use in order to achieve deprotonation in the molecule. 
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5.3 Experimental 
General procedures for the synthesis and characterisation of the compounds are 
described in Appendix 5. 
5.3.1 Synthesis of 3,4-Ethylenedioxythiophene (EDOT) and its 
derivatives 
Synthesis of Diethyl thiodiglycollate2\ 
78 
Thiodiglycollic acid (77) (10.01 g, 66.67 mmol) was heated under reflux with 50 
ml of absolute ethanol in a 100 ml round bottom flask fitted with a condenser and 
drying tube in the presence of 4 ml of concentrated sulphuric acid added dropwise as 
a catalyst. The mixture was stirred and heated under reflux for 24 h, cooled to room 
temperature and poured into 40 ml of water, in order to remove the ethanol and the 
remaining acid. The mixture was subsequently washed with ether (3 x 15 ml). The 
ether layers were combined, washed with a saturated aqueous solution of potassium 
carbonate (2 x 20 ml), water, and dried over anhydrous magnesium sulfate. Removal 
of the solvent under vacuum yielded the titled compound (78) as a colorless liquid 
with a strong sulfurous odour (12.53 g, 91 %), which was used without further 
purification. vmax/cm'\ (film) 2984, 2940, 1728, 1412, 1368, 1300, 1028; bH (400 
MHz, CDCh) 1.10 (6 H, t, J 7.2 Hz, 2 x CH3), 3.20 (4 H, s, 2 x CH2S), 4.00 (4 H, q, 
J 7.2 Hz, 2 x CH2CH3); be (400 MHz, CDCh) 14.2 (2 x CH3), 33.6 (2 x CH2), 62.2 
(2 x CH2), 169.5 (2 x C); mlz (FAB) 207 «M+1)\ 100 %),207 (100 %). Accurate 
mass: found 207.0689, C8HlS04S2 requires 207.0691. 
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Synthesis of Diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate disodium salrl 
NaO ONa 
0-/ 
o 
84 
A mixture of diethyl thiodiglycollate (78) (2.04 g, 9.92 mmol) and diethyl oxalate 
(3.84 g, 26.31 mmol) was added dropwise into a cooled (0 CC) 50 ml round-
bottomed flask with a solution of sodium ethoxide (3.11 g, 26.31 mmol) in 25 ml of 
absolute ethanol. After complete the addition, the mixture was stirred and heated for 
1 h. The yellow precipitate produced was filtered under vacuum, washed with 
ethanol and dried under vacuum. A fine yellow powder of diethyl 3,4-
dihydroxythiophene-2,5-dicarboxylate disodium salt (84) was obtained with 
quantitative yield (2.96 g, 98 %), which was used without further purification. 
vrnax/cm-1 (film) 2986, 2909,1628,1533, 1391, 1315, 1067,777; OH (400 MHz, D20) 
1.20 (6 H, t, J7.2 Hz, 2 x CH3), 4.14 (4 H, q, J7.2 Hz, 2 x CH2CH3); oc(400 MHz, 
D20) 13.6 (2 x CH3), 62.7 (2 x CH2), 164.5 (2 x C), 173.3 (2 x C), 177.8 (2 x C); m/z 
(FAB) 305 «M+1)+' 56 %), 115 (100 %). Accurate mass: found 305.0076, 
ClOHllNa206S requires 305.0072. 
Synthesis of Diethyl 3,4-dihydroxythie,;yl-2,5~dicarboxylatil 
HO OH 
0-/ 
85 
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A solution of diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate disodium salt (84) 
(3.8 g, 12.5 nunol) was acidified with concentrated hydrochloric acid until complete 
precipitation of diethyl 3,4-dihydroxythiophene-2,5-dicarboxylate (85). After 
filtration and thorough washing with water (20 ml), the white powder obtained was 
oven-dried to yield a white solid (85) (2.05 g, 63 %), which was used without further 
purification. mp 130-131 °C (lit.2l 130-132 °C); vrnax/Cm'l (film) 3288, 2988, 1666, 
1559,1316,1231,1018, 772;dH(400MHz,CDCh) 1.40 (6 H,t,J7.1 HZ,2xCH3), 
4.40 (4 H, q, J7.l Hz, 2 x CH2CH3), 9.38 (2 H, s, 2 x OH); de (400 MHz, CDCh) 
14.2 (2 x CH3), 61.9 (2 x CH2), 107.2 (2 x C), 151.8 (2 x C), 165.7 (2 x C); m/z 
(FAB) 260 (M" 100 %), 260 (100 %). Accurate mass: found 260.0351, CIOH1206S 
requires 260.0355. 
Synthesis of DiethyI3,4-ethylenedioxythienyl-2,5-dicarboxylate2l 
0-/ 
86 
In a 25 ml round bottom flask, diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate (85) 
(0.50 g, 1.94 mmol) was stirred and heated at 90°C with 1,2-dibromoethane (0.50 g, 
2.66 nunol) and anhydrous potassium carbonate (0.70 g, 5.03 nunol) in DMF (10 ml) 
for 24 h. This resulted in formation of a viscous liquid with some yellow solid at the 
bottom of the flask. The mixture was cooled to room temperature, poured into 50 ml 
of hot acetone, stirred for 10 min, and filtered. 25 ml of hexane was added and the 
mixture washed repeatedly with water to remove DMF, dried over anhydrous 
magnesium sulfate, and concentrated under vacuum. Crystallization from ethyl 
acetate yielded a white solid (86) (0.29 g, 52 %). mp 145-147 °C (lit.s 146-147 0C); 
vrnax/cm'l (film) 2994, 2940,1697,1508,1377,1305,1159,1097,768; dH (400 MHz, 
CDCh) 1.37 (6 H, t, J7.2 Hz, 2 x CH3), 4.34 (4 H, q, J7.2 Hz, 2 x CH2CH3), 4.40 (4 
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H, s, 2 X OCH2); 8c (400 MHz, CDCh) 14.3 (2 X CH3), 61.3 (2 X CH2), 64.7 (2 X 
CH2), 111.8 (2 X C), 145.0 (2 X C), 160.8 (2 X C); m/z (FAB) 287 «M+1t, 100 %), 
287 (100 %). Accurate mass: found 287.0593, Cl2Hl406S requires 287.0590. 
Synthesis of 3,4-ethylenedioxythienyl-2,5-dicarboxylic aciJll 
HO 
87 
In a 50 m1 round-bottomed flask diethyl 3,4-ethylenedioxythienyl-2,5-
dicarboxylate (86) (0.23 g, 0.79 mmol) was added to an excess of 5 % NaOH 
aqueous solution (25 ml), stirred and heated under reflux for 3 h after complete 
solubilisation of the reactant. The solution was cooled to room temperature and 
slowly acidified with concentrated hydrochloric acid until the solution became highly 
acidic, which caused a slow precipitation. The solution was cooled in an ice bath for 
1 h until complete precipitation and the product filtered, washed well with water, and 
dried to yield a white solid (87) (0.14 g, 79 %). The product was used without further 
purification. mp 321-323 °C (lit? 323 °C); vrnax!cm·1 (film) 3555, 3443, 3026, 2528, 
1647, 1574, 1371, 1296, 1097,939,856; 8H (400 MHz, DMSO-d6) 4.35 (4 H, s, 2 x 
OCH2), 13.25 (2 H, br s, 2 X COOH); 8c (400 MHz, DMSO-~) 64.2 (2 X CH2), 
1I1.62x(C), 144.8 (2 xC), 161.7 (2x C); m/z(FAB) 231 «M+I)\ 5 %),154 (lOO 
%). Accurate mass: found 230.9968, CgH706S requires 230.9965. 
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Synthesis of 3,4-ethylenedioxythiophene21 
r\ 
o s 
25 
3,4-ethylenedioxythienyl-2,5-dicarboxylic acid (87) (0.07 g, 0.31 mmol) was 
mixed with copper chromite catalyst (0.02 g, 0.07 mmol) and 3 ml of quinoline in a 5 
ml round-bottomed flask. The mixture was stirred and heated with a condenser at 
180°C under nitrogen for 3 h. After cooling, diethyl ether (15 ml) was added to the 
mixture of reaction and the insoluble catalyst removed by filtration. The solution was 
washed repeatedly with aqueous hydrochloric acid (2M) (3 x 15 ml) and brine (2 x 
10 ml). After drying over magnesium sulfate, diethyl ether was removed in vacuo. 
The residue was purified by column chromatography over silica gel (1:2 
hexane:diethyl ether) to obtain the titled compound (25) as a pale oil (0.03 g, 57 %). 
Vmru/cm-1 (film) 3111, 2980, 2924, 2872, 1584, 1475, 1273, 1246, 1186, 1136, 1057, 
762; gH(400 MHz, CDCI3) 4.12 (4 H, s), 6.28 (2 H, s); gc(400 MHz, CDCh) 65.0 (2 
x CH2), 99.7 (2 x CH), 141.9 (2 x C); mlz (FAB) 142 (M+, 100 %), 142 (100 %). 
Accurate mass: found 142.0088, C6H60 2S requires 142.0089. 
Synthesis of DiethyI3,4-propylenedioxythienyl-2,5-dicarboxylate8 
01'1 
0-...../ 
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Diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate (85) (0.51 g, 1.98 mmol) was 
stirred and heated at 90°C in a 25 ml round bottom flask with 1,3-dibrompropane 
(0.56 g, 2.78 mmol) and anhydrous potassium carbonate (0.70 g, 5.08 mmol) in 
anhydrous DMF (10 ml) for 24 h. A viscous liquid with some yellow solid appeared 
at the bottom of the flask. The mixture was cooled at room temperature, poured into 
50 ml of hot acetone, stirred for 15 min, and filtered. 100 ml of water were added and 
the titled compound (88) was obtained by crystallization, which was collected and 
dried (0.36 g, 60 %). The product was used without further purification. mp 89-90 °C 
(!it.s 88-89 0C); vm.Jcm-1 (film) 2980, 2936,1717,1379,1288,1250,1153,768; OH 
(400 MHz, CDCh) 1.36 (6 H, t, J7.2 Hz, 2 x CH3), 2.36 (2 H, m, CH2CH2CH2), 4.34 
(4 H, q,J7.2 Hz, 2 x CH2CH3), 4.41 (4 H, m, 2 x OCH2); Oc (400 MHz, CDCh) 14.3 
(2 x CH3), 31.5 (CH2), 61.3 (2 x CH2), 70.3 (2 x CH2), 115.5 (2 x C), 152.8 (2 x C), 
160.8 (2 x C). 
Synthesis of 3,4-propylenedioxythienyl-2,5-dicarboxylic aci~ 
01'\ 
OH 
89 
In a 100 ml round bottom flask, diethyl 3,4-propylenedioxythienyl-2,5-
dicarboxylate (88) (0.25 g, 0.85 mmol) was added to an excess of 5 % NaOH 
aqueous solution (25 ml), stirred and heated under reflux for 3 h after complete 
solubilisation of the reactant, allowing the achievement of an orange colour solution. 
The solution was cooled to room temperature and slowly acidified with concentrated 
hydrochloric acid until the solution became highly acidic, which caused a slow 
precipitation. The solution was cooled in an ice bath for 1 h until complete 
precipitation and the product filtered, washed with water, and dried to yield a white 
thin solid (89). (0.11 g , 55 %). The product was used without further purification. 
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mp 293-294 °C (lit.S 295°C); vm.,Jcm-1 (film) 3458, 2957, 1544, 1670, 1559, 1449, 
1375, 1308, 1103,934; OH (400 MHz, DMSO-d6) 2_51 (2 H, m, CH2CH2CH2), 4.25 
(4 H, m, 2 x OCH2), 13.20 (2 H, br s, 2 x COOH). oc(400 MHz, DMSO-d6) 31.7 
(CH2), 7004 (2 x CH2), 116.5 (2 x C), 152.6 (2 x C), 161.7 (2 x C). 
Synthesis of 3,4-propylenedioxythiophene8 
1\ 
b s 
90 
Pure 3,4-propylenedioxythienyl-2,5-dicarboxylic acid (89) (0040 g, 1.74 rnmol) 
was mixed with copper chromite catalyst (0.12 g, 0.39 rnmol) and 17 ml of quinoline 
in a 50 ml round-bottomed flask. The suspension was stirred and heated with a 
condenser at 180°C under nitrogen for 3 h. After cooling, ethyl acetate (15 ml) was 
added and the insoluble catalyst removed by filtration. The solution was washed 
repeatedly with hydrochloric acid (2M) (3 x 10 ml) and brine (2 x 10 ml). After 
drying over magnesium sulfate and filtration, ethyl acetate was removed in vacuo. 
The crude of reaction was purified by column chromatography over silica gel (1:2 
hexane:dichloromethane) to obtain a yellow solid (90) (0.22 g, 82 %). mp 77-78 °C 
(lit.s 78-79 0C); vmax/cm-1 (film) 3107, 2943, 2872, 1559, 1370, 1269, 1136, 1042, 
802; OH (400 MHz, CDCh) 2.16-2.21 (2 H, m), 4.05-4.08 (4 H, m), 6.52 (2 H, s); Oc 
(400 MHz, CDCh) 33.9 (CH2), 71.3 (2 x CH2), 106.0 (2 x CH), 150.5 (2 x C); m/z 
(FAB) 156 (M+, 100 %), 156 (100 %). Accurate mass: found 156.0246, C7Hs02S 
requires 156.0245. 
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Synthesis of DiethyI3,4-dibutoxythienyl-2,5-dicarboxylate8 
~o o~ 
0---../ 
91 
In a 50 ml round bottom flask, diethy13,4-dihydroxythienyl-2,5-dicarboxylate (85) 
(0.15 g, 0.59 mmol) was stirred and heated at 90°C with 1-bromobutane (0.31 g, 
2.23 mmol) and anhydrous potassium carbonate (0.36 g, 2.63 mmol) in anhydrous 
DMF (10 ml) for 24 h. A viscous liquid with some yellow solid appeared at the 
bottom of the flask. The mixture was cooled at room temperature and filtered. Water 
(100 ml) was added to the mixture and washed with hexane (3 x 20 ml). The organic 
fractions were collected, and dried over anhydrous magnesium sulfate. After 
removing the solvent under vacuum, a pale yellow oil (91) was obtained (0.18 g, 88 
%), which was used without further purification. vmax!cm-I (film) 2961, 2874, 1719, 
1491, 1368, 1292, 1175, 770; OH (400 MHz, CDCb) 0.99 (6 H, t, J 7.6 Hz, 2 x 
CH2CH2CH3), 1.38 (6 H, t, J 7.2 Hz, 2 x OCH2CH3), 1.48-1.53 (4 H, m, 2 x 
CH2CH2CH3), 1.73-1.79 (4 H, m, 2 x CH2CH2CH2), 4.17 (4 H, t, J 6.2 Hz, 2 x 
OCH2CH2), 4.36 (4 H, q, J7.2 Hz, 2 x OCH2CH3); oc (400 MHz, CDCb) 13.6 (2 x 
CH3), 14.2 (2 x CH3), 19.0 (2 x CH2), 30.6 (2 x CH2), 61.3 (2 x CH2), 74.7 (2 x CH2), 
119.9 (2 x C), 153.7 (2 x C), 160.7 (2 x C); m/z (FAB) 373 «M+1t, 60 %), 327 (100 
%). Accurate mass: found 373.1685, CI8H2906S requires 373.1685. 
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Synthesis of 3,4-dibutoxythienyl-2,5-dicarboxylic aciJl 
~o o~ 
92 
In a 100 ml round-bottomed flask diethyl 3,4-dibutoxythienyl-2,5-dicarboxylate 
(91) (0.72 g, 1.93 mmol) was charged, and an excess of 5 % NaOH aqueous solution 
(50 ml) added. The mixture was stirred and heated under reflux for 3 h after 
complete solubilisation of the reactants, allowing the achievement of a yellow 
solution. The solution was cooled at room temperature and slowly acidified with 
concentrated hydrochloric acid until the solution became highly acidic, which caused 
a slow precipitation. The solution was cooled in an ice bath for 1 h to complete 
precipitation, and the product filtered, washed with water, and dried to yield a white 
solid (92), which was used without further purification (0.38 g, 62 %). mp 205-207 
°C (!it.s 207-208 0C); vmaxfcm·1 (film) 3466, 2961, 2874, 1684, 1449, 1374, 1293, 
1078,936; OH (400 MHz, DMSO-d6) 0.91 (6 H, t,J7.2 Hz, 2 x CH3), 1.39-1.48 (4 H, 
m, 2 x CH2CH3), 1.61-1.68 (4 H, m, 2 x OCH2CH2), 4.10 (4 H, t, J 6.4 Hz, 2 x 
OCH2), 13.39 (2 H, br s, 2 x COOl!); Oc (400 MHz, DMSO-d6) 13.6 (2 x CH3), 18.4 
(2 x CH2), 31.5 (2 x CH2), 74.0 (2 x CH2), 119.9 (2 x C), 152.8 (2 x C), 161.5 (2 x 
C); m/z (FAB) 317 «M+1)\ 19 %), 187 (100 %). Accurate mass: found 317.1065, 
C14H2106S requires 317.1061. 
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Synthesis of 3,4-dibutoxythiophene8 
o s 
93 
Pure 3,4-dibutoxythienyl-2,5-dicarboxylic acid (92) (0.20 g, 0.63 mmol) was 
mixed with copper chromite catalyst (0.04 g, 0.13 mmol) and 6 ml of quinoline in a 
10 ml round bottom flask. The mixture was stirred and heated with a condenser at 
180 °C under nitrogen for 3 h. After cooling, ethyl acetate was added (20 ml) and the 
insoluble catalyst removed by filtration. The organic solution was washed repeatedly 
with an aqueous solution of hydrochloric acid (2M) (3 x 10 ml) and brine (2 x 10 
ml). After drying over magnesium sulfate, ethyl acetate was removed in vacuo. The 
product (93) was obtained as a high pure yellow oil (0.14 g, 75 %). vmax/cm-1 (film) 
3109,2987,2915,2880, 1560, 1365, 1271, 1250, 1130,760; OH (400 MHz, CDCh) 
1.00 (6 H, t, J7.4 Hz, 2 x CH3), 1.46-1.55 (4 H, m, 2 x CH2CH3), 1.79-1.86 (4 H, m, 
2 x OCH2CH2), 4.01 (4 H, t, J 6.7 Hz, 2 x OCH2), 6.19 (2 H, s); Oc (400 MHz, 
CDCh) 14.1 (2 x CH3), 19.2 (2 x CH2), 31.1 (2 x CH2), 70.2 (2 x CH2), 96.8 (2 x 
CH), 147.6 (2 x C); mlz (FAB) 229 «M+l)\ 60 %), 116 (lOO %). Accurate mass: 
found 229.1265, Cl2H2102S requires 229.1262. 
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Synthesis of DiethyI3,4-dibenzyloxythienyl-2,5-dicarboxylate8 
o 0-/ 
94 
Diethyl 3,4-dihydroxythienyl-2,5-dicarboxylate (85) (0.50 g, 1.92 mmol) was 
stirred and heated at 90°C in a 25 ml round-bottomed flask with benzyl bromide 
(0.98 g, 5.73 mmol) and anhydrous potassium carbonate (0.72 g, 5.17 mmol) in 
anhydrous DMF (10 ml) for 24 h. The mixture was cooled to room temperature, 
poured into 25 ml of hot acetone, stirred for 10 min, and filtered. 100 ml of water 
were added and the titled compound (94) was obtained by crystallisation, which was 
collected and dried (0.59 g, 77 %). mp 70-71 °C (!it.8 69-70 °C); vmax!cm-I (film) 
3064,3020,2982,2938, 1717, 1489, 1368, 1296, 1175, 769, 696; OH (400 MHz, 
CDCh) 1.36 (6 H, t,J7.0 Hz, 2 x CH3), 4.34 (4 H, q, J7.0 Hz, 2 x CH2CH3), 5.18 (4 
H, s, 2 x CH2Ph), 7.32-7.34 (6 H, m, 6 x ArIl), 7.45 (4 H, dd, J 1.6 and 7.6 Hz, 4 x 
ArIl); Oc (400 MHz, CDCI3) 14.2 (2 x CH3), 61.5 (2 x CH2), 76.7 (2 x CH2), 120.6 (2 
x C), 128.3 (2 x CH), 128.4 (4 x CH), 128.6 (4 x CH), 136.3 (2 x C), 153.0 (2 x C), 
160.6 (2 x C); m/z (FAB) 440 (M+, 3 %), 91 (100 %). Accurate mass: found 
440.1291, C24H2406S requires 440.1295. 
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Synthesis of 3,4-dibenzyloxythienyl-2,5-dicarboxylic acicr 
95 
In a 100 ml round-bottomed flask, diethyl 3,4-dibenzyloxythienyl-2,5-
dicarboxylate (94) (0.79 g, 1.79 mmol), was mixed with an excess of sodium 
hydroxide (2.86 g, 71.53 mmol), water (45 ml) and pyridine (15 ml). After complete 
solubilisation of the reactants, the mixture was refluxed for 3 h, allowing a yeIlow 
solution. The solution was cooled at room temperature, and slowly acidified with 
concentrated hydrochloric acid until the solution became highly acidic, which caused 
a slow precipitation. The solution was cooled in an ice bath for 1 h to complete 
precipitation of the product. The product was filtered, washed with water and dried to 
yield a white thin solid (95) (0.43 g, 63 %). mp 202-204 °C (lit 8 202-203 0C); 
vmaxfcm-1 (film)3452, 3034, 2540,1684, 1411, 1356, 1296, 1043,694; dH (400 MHz, 
DMSO-d6) 5.15 (4 H, s, 2 x CH2Ph), 7.35-7.36 (6 H, m, 6 x ArH), 7.41 (4 H, dd, J 
1.6 and 8.0 Hz, 4 x ArH), 13.56 (2 H, br s, 2 x COOH); de (400 MHz, DMSO-d6) 
75.7 (2 x CH2), 120.4 (2 x C), 128.1 (2 x CH), 128.2 (4 x CH), 128.3 (4 x CH), 136.6 
(2 x C), 152.2 (2 x C), 161.4 (2 x C). 
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Synthesis of 3,4-diben~10xythiopheni 
o j-J ~O 
s 
96 
Experimental 
3,4-dibenzyloxythienyl-2,5-dicarboxylic acid (95) (0.05 g, 0.13 mmol) was mixed 
with copper chromite catalyst (0.01 g, 0.03 mmol) and 2.5 ml of quinoline in a 5 ml 
round bottom flask. The mixture was stirred and heated at 180°C with a condenser 
under nitrogen for 4 h. After cooling, dichloromethane was added (20 ml) and the 
insoluble catalyst removed by filtration. The filtrate was washed repeatedly with 
aqueous hydrochloric acid (2M) (3 x 10 ml) and brine (2 x 10 ml). After drying over 
magnesium sulfate, the solvent was removed under vacuum. The crude of reaction 
was purified by column chromatography over silica gel (1:2 
hexane:dichloromethane) to afford a yellow solid (96) (0.03 g, 78 %). mp 75-77 DC 
(lit.8 76-77 0C); vrnax!cm-I (film) 3110,2950, 1560, 1299, 1270, 695; OH (400 MHz, 
CDCh) 5.05 (4 H, s, 2 x CH2Ph), 6.14 (2 H, s), 7.27-7.30 (6 H, m, 6 x ArIf), 7.39 (4 
H, dd, J 1.6 and 7.8 Hz, 4 x ArIf); Oc (400 MHz, CDCI3) 72.7 (2 x CH2), 99.31 (2 x 
CH), 128.5 (2 x CH), 128.7 (4 x CH), 129.1 (4 x CH), 137.9 (2 x C), 148.0 (2 x C). 
mlz (FAB) 297 «M+lt, 20 %), 91 (lOO %); Accurate mass: found 297.0955, 
CI8HI702S requires 297.0949. 
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5.3.2 Synthesis of dirners based on 3,4-dialkoxythiophene 
Synthesis of 2-[bis(ethoxycarhonylmethylsu/fanyl)methyl]thiophene 
107 
In a 250 ml round-bottomed flask, a solution of 2-thiophenecarboxaldehyde (28) 
(11.21 g, 99.98 rnrnol) and ethyl mercaptoacetate (106) (24.12 g, 200.69 rnrnol) in 
dichloromethane (150 ml) was stirred at room temperature, to which anhydrous 
aluminium chloride (5.91 g, 44.33 rnrnol) was added in small portions under cooling 
with an ice bath. The reaction mixture turned turbid as the reaction proceeded. After 
the addition, the mixture was further stirred for another 15 min and was then 
hydrolysed with water (20 ml). The resulting mixture was extracted with 
dichloromethane (3 x 20 ml), washed with water and dried over magnesium sulfate. 
The solvent was removed under vacuum to obtain the titled compound (107) as a 
yellow oil, which did not need to be purified. (32.96 g, 99 %). vmax/cm·1 (film) 3106, 
2982,2907, 1729, 1559, 1387, 1293, 1153, 1028,854,704; OH (400 MHz, CDCh) 
1.28 (6H, t,J7.1 HZ,2xCH3), 3.37 (4 H,m, 2x SCH2),4.15 (4 H, q,J7.1 Hz,2x 
CH2CH3), 5.69 (1 H, d, J 0.8 Hz, SCHS), 6.92 (1 H, dd, J3.6 and 5.1 Hz, SCH=CH), 
7.12-7.15 (1 H, rn, SCH=CHCH), 7.28 (1 H, dd, J 1.3 and 5.1 Hz, SCH=CH); Oc 
(400 MHz, CD Ch) 14.1 (2 x CH3), 33.9 (2 x CH2), 48.7 (CH), 61.5 (2 x CH2), 126.1 
(CH), 126.7 (CH), 126.9 (CH), 142.5 (C), 169.8 (2 x C). 
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Synthesis of EthyI2-(thiophen-2-ylmethylthio)acetate41 
99 
Trifuoroacetic acid (30 ml) was added dropwise to a stirred solution of 2-
[bis(ethoxycarbonylmethylsulfanyl)methyl]thiophene (107) (4.03 g, 12.06 mmol) 
and dichloromethane (40 ml) under cooling with an ice bath. After stirring for 30 
min, pyridine-borane complex (3.5 ml) was added dropwise to the cold reaction 
mixture and stirred for a further 30 min at 0 °C. The solvent was removed under in 
vacuo and the residue made alkaline with 10 % sodium hydroxide solution followed 
by extraction with ether (3 x 10 ml). The combined extracts were washed with brine, 
dried over magnesium sulfate and the solvent removed under vacuum, to afford a 
yellow oil. The oil was purified by column chromatography over silica gel (5:1 
hexane:dichloromethane) to obtain the titled compound (99) as a yellow oil (2.06 g, 
79 %). vmax/cm-1 (film) 3106, 2980,1724,1560,1412,1273,1134,851,700; OH (400 
MHz, CDCb) 1.27 (3 H, t, 17.2 Hz, CH3), 3.13 (2 H, s, SCH2CO), 4.05 (2 H, d, JO.8 
Hz, CCH2S), 4.17 (2 H, q, J 7.2 Hz, CH2CH3), 6.89 (1 H, dd, J 3.6 and 5.2 Hz, 
SCH=CH), 6.94-6.98 (1 H, m, SCH=CHCH), 7.21 (1 H, dd, J 1.2 and 5.2 Hz, SCH); 
Oc (400 MHz, CDCb) 14.2 (CH3), 30.6 (CH2), 32.2 (CH2), 61.3 (CH2), 124.7 (CH), 
126.2 (CH), 126.4 (CH), 140.3 (C), 170.2 (C) . 
• 
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Synthesis of 5-bromo-2-fbis(ethoxycarbonylmethylsulfanyl)methY1J 
thiophene 
s)-r 
(LI 
.A/ \)--0 
o L 
111 
Experimental 
In a 100 ml round-bottomed flask, a solution of 5-bromo-2-
thiophenecarboxaldehyde (110) (2.00 g, 10.46 mmol) and ethyl mercaptoacetate 
(106) (2.53 g, 21.02 mmol) in dichloromethane (16 ml) was stirred at room 
temperature, to which anhydrous aluminium chloride (5.91 g, 44.33 mmol) was 
added in small portions under cooling with an ice bath. The reaction mixture turned 
turbid as the reaction proceeded. After the addition, the mixture was further stirred 
for another 15 min and was then hydrolysed with water (20 ml). The resulting 
mixture was extracted with dichloromethane (3 x 20 ml), washed with water and 
dried over magnesium sulfate. The solvent was removed in vacuo to afford the titled 
compound (111) as an orange oil (3.98 g, 92 %). The compound was used without 
further purification. vmaxlcm-I (film) 3096, 2982, 2936, 1732, 1559, 1433, 1292, 
1152, 1028, 802; OH (400 MHz, CDCh) 1.28 (6 H, t, J 7.2 Hz, 2 x CH3), 3.38 (4 H, 
m, 2 x SCH2), 4.17 (4 H, q, J7.2 Hz, 2 x CH2CH3), 5.58 (1 H, d, JO.8 Hz, SCHS), 
6.89 (1 H, d, J 4.0 Hz, SC=CH), 6.92 (1 H, dd, J 0.8 and 4.0 Hz, SC=CHCH); oe 
(400 MHz, CDCh) 14.1 (2 x CH3), 34.1 (2 x CH2), 48.7 (CH), 61.5 (2 x CH2), 113.1 
(C), 126.9 (CH), 129.4 (CH), 144.0 (C), 169.5 (2 x C); mlz (FAB) 411 «M-l)79Br)+, 
4 %), 293 (100 %). Accurate mass: found 410.9399, CI3HI6(79)Br04S3 requires 
410.9394. 
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Synthesis of Ethyl 2-((5-bromothiophen-2-yl)methylthio)acetate 
109 
The synthesis of this compound was obtained following two' different methods 
explained below: 
Method a) 
A solution of ethyl 2-(thiophen-2-ylmethylthio )acetate (99) (0.41 g, 1.85 mmol) 
and N-bromosuccinimide (0.33 g, 1.85 mmol) in a 1: 1 mixture of chloroform:glacial 
acetic acid (25 ml) was stirred and heated under reflux for 1 h in a 50 ml round-
bottomed flask. Water (50 ml) and ether (50 ml) were added to the cooled solution. 
The organic layer was separated off and washed with a 10 % sodium hydroxide 
aqueous solution (3 x 20 ml), brine (2 x 10 ml) and dried over magnesium sulfate. 
After filtration, the filtrate was concentrated under vaccum. The crude product was 
purified by column chromatography over silica gel (1:9 hexane:dichloromethane) 
yielding the title compound (109) as a orange oil (0.11 g, 20 %). 
Method b) 
Trifuoroacetic acid (25 ml) was added dropwise to a stirred solution of 5-bromo-2-
[bis(ethoxycarbonylmethylsulfanyl)methyl]thiophene (111) (3.67 g, 8.89 mmol) and 
dichloromethane (30 ml) under cooling with an ice bath. After stirring for 15 min, 
pyridine-borane complex (3.5 ml) was added dropwise to the cold reaction mixture 
and stirred for a further 30 min at 0 ·C. The solvent was removed in vacuo and the 
residue made alkaline with a 10 % sodium hydroxide aqueous solution, followed by 
extraction with ether (3 x 10 ml). The combined extracts were washed with brine, 
223 
Chapter 5 Experimental 
dried over magnesium sulfate and the solvent removed under vacuum to afford an 
orange oil. The oil was purified by column chromatography over silica gel (3:1 
hexane:dichloromethane) obtaining the titled (109) compound as an orange oil (2.51 
g, 96 %). vmax/cm'! (film) 3096, 2980, 2907, 1724,1559, 1441, 1292, 1136, 1028, 
199; OH (400 MHz, CDCh) 1.29 (3 H, t,J7.2 Hz, CH3), 3.15 (2 H, s, SCH2CO), 3.97 
(2 H, d, J 0.8 Hz, CCH2S), 4.17 (2 H, q, 7.2 Hz, CH2CH3), 6.73 (1 H, dt, J 0.8 and 
3.8 Hz, SC=CHCH), 6.86 (1 H, d, J 3.8 Hz, SC=CH); Oc (400 MHz, CDCI3) 14.1 
(CH3), 30.8 (CH2), 32.2 (CH2), 61.4 (CH2), 111.6 (C), 127.4 (CH), 129.1 (CH), 142.0 
(C), 170.0 (C); m/z (FAB) 294 (M(79Br)\ 63 %), 175 (lOO %). Accurate mass: 
found 293.9379, C9Hll(79)Br02S2 requires 293.9384. 
Synthesis of 1-(phenylsu!fonyl)pyrrole38 
o 
N 
I 
°6° 
117 
In a 250 ml round bottom flask, pyrrole (5.23 g, 78.01 mmol) was added to a well 
agitated suspension of sodium hydroxide (9.28 g, 231.94 mmol), in 55 ml of 
dichloromethane. This mixture was then cooled to 0 °C and further stirred for 15 min. 
A solution of phenylsulfonyl chloride (16.38 g, 92.74 mmol) in 10 ml of 
dichloromethane was added dropwise over a period of 25 min. Thirty minutes after 
the completion of the addition, the reaction was warmed at room temperature and left 
stirred for 18 h. The reaction was quenched by pouring onto 150 ml of distilled 
water. The organic layer was separated, and the aqueous layer was extracted with 
dichloromethane (3 x 10 ml). The combined organic extract was washed with 
distilled water to neutrality and dried over magnesium sulfate. Removal of the 
solvent in vacuo gave the titled compound (117) as a colourless crystalline solid 
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(11.63 g, 72 %), which was used without further purification. mp 85-87 °C (lit.38 87-
88°C); vrnax!cm-1 (film) 3447, 3136, 3106, 1451, 1368, 1248, 1171,733,685; OH (400 
MHz, CDCb) 6.30 (2 H, dd, J 2.0 and 2.4 Hz, 2 x NCH=CB), 7.17 (2 H, dd, J 2.0 
and 2.4 Hz, 2 x NCB), 7.47-7.61 (3 H, m, 3 x ArB), 7.86 (2 H, dd, J 1.2 and 8.0 Hz, 
2 x ArB); Oc (400 MHz, CDCb) 113.8 (2 x CH), 120.8 (2 x CH), 126.8 (2 x CH), 
129.4 (2 x CH), 133.9 (CH), 139.1 (C); mlz (FAB) 207 (M+, 100 %), 207 (100 %). 
Accurate mass: found 207.0357, ClOH9N02S requires 207.0354. 
Synthesis of 1-(phenylsuljonyl)pyrrole-2-carbaldehyde36 
~o 
N 
I 
°0° 
118 
To a stirred, ice-cooled mixture of 1-(phenylsulfonyl)pyrrole (117) (5.08 g, 24.53 
mmol) and aluminium chlroride, (7.69 g, 57.66 mmol) in 73 ml of dichloromethane, 
1,I-dichloromethyl methyl ether (3.88 g, 33.76 mmol) was added dropwise. The 
resulting red solution was stirred at 0 °C for 3 h and then poured into a: mixture of ice 
and water. The organic layer was collected, and the aqueous layer was extracted 
thoroughly with dichloromethane (4 x 15 ml). The combined extracts were washed 
with water and brine, dried over magnesium sulfate and concentrated under vacuum 
to give a black oil which solidified on standing. Purification by soxleth extraction 
using hexane as solvent, allowed to afford the titled compound (118) as colourless 
crystals (0.92 g, 16 %). mp 77-78 °C (lit.36 78-79 0C); vrnax!cm·1 (film) 3124, 1661, 
1423,1371, 1188, 1150,753; OH (400 MHz, CDCb) 6.43 (I H, dd, J 3.2 and 3.6 Hz, 
NCH=CH), 7.17 (I H, dd, J 1.6 and 3.6 Hz, NCH=CHCB), 7.52-7.67 (4 H, m, NCH 
and 3 x ArB), 7.94 (I H, dd, J 1.2 and 8.4 Hz, 2 x ArB), 9.56 (1 H, s, CHO); Oc (400 
MHz, CDCh) 112.6 (CH), 124.9 (CH), 127.5 (2 x CH), 129.5 (CH), 129.6 (2 x CH), 
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133.6 (C), 134.6 (CH), 138.2 (C), 178.8 (C); mlz (FAB) 236 «M+l)+' 100 %), 236 
(100 %). Accurate mass: found 236.0379, CUHION03S requires 236.0381. 
Synthesis of2-lbis(ethoxycarbonylmethylsulfanyl)methylJ-l-
(pheny!sulfonyl)pyrrole 
119 
In a 25 ml round-bottomed flask, a solution of 1-(phenylsulfonyl)pyrrole-2-
carbaldehyde (118) (0.18 g, 0.76 mrnol) and ethyl mercaptoacetate (106) (0.22 g, 
1.83 mrnol) in dichloromethane (10 ml) was stirred at room temperature. Anhydrous 
aluminium chloride (0.39 g, 2.95 mrnol) was added in small portions under cooling 
with an ice bath. The reaction mixture tumed turbid as the reaction proceeded. After 
the addition, the mixture was further stirred for another 40 min and was then 
hydrolysed with water (20 ml). The resulting mixture was extracted with 
dichloromethane (3 x 20 ml), washed with water and dried over magnesium sulfate. 
The solvent was removed under vacuum to afford the target compound (119) as a 
yellow oil (0.31 g, 90 %), which was used without further purification. vmaxlcm·1 
(film) 3144, 2984,1732,1449,1368,1292,1177,725; OH (400 MHz, CDCh) 1.28 (6 
H, t, J 7.2 Hz, 2 x CH3), 3.31 (4 H, m, 2 x SCH2),'4.1S (4 H, q, J 7.2 Hz, 2 x 
CH2CH3), 6.07 (1 H, s, SCHS), 6.25 (1 H, t, J 3.4 Hz, NCH=CH), 6.54 (1 H, dd, J 
1.6 and 3.4 Hz, NCH=CHCH), 7.2S (I H, dd, J 1.6 and 3.4 Hz, NCH), 7.46-7.61 (3 
H, m, 3 x ArH), 7.92 (2 H, dd, J 1.6 and 7.6 Hz, 2 x ArH); Oc (400 MHz, CDCh) 
14.1 (2 x CH3), 33.8 (2 x CH2), 4S.0 (CH), 61.5 (2 x CH2), 111.9 (CH), IIS.8 (CH), 
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123.8 (CH), 127.4 (2 X CH), 129.0 (2 X CH), 129.8 (C), 134.0 (CH), 138.8 (C), 169.5 
(2 xC). 
Synthesis ofEthyI2-((l-(phenylsulfonyl)pyrrol-2-yl)methylthio)acetate 
116 
In a 250 ml round-bottomed flask, trifuoroacetic acid (1.5 ml) was added dropwise 
to a stirred solution of 2-[bis( ethoxycarbonylmethylsulfanyl)methyl]-I-
(phenylsulfonyl)pyrrole (119) (0.22 g, 0.47 mmol) and dichloromethane (4 ml) under 
cooling with an ice bath. After stirring for 30 min, pyridine-borane complex (0.15 
ml) was added dropwise to the cold reaction mixture and stirred for a further 30 min 
at 0 °C. The solvent was removed under vacuum and the residue made alkaline with a 
10 % sodium hydroxide aqueous solution, followed by extraction with 
dichloromethane (3 x 15 ml). The combined extracts were washed with brine, dried 
over magnesium sulfate and the solvent removed to afford the crude of reaction as a 
brown oil. The titled compound (116) was afforded as a pale yellow oil after column 
chromatography over silica gel (1:4 hexane:dichlomethane) (0.09 g, 56 %) vmaxlcm-1 
(film) 3142, 2980,1734, 1446, 1360, 1290, 1168,752,728; OH (400 MHz, CDCh) 
1.27 (3 H, t, J 6.8 Hz, CH3), 3.05 (2 H, s, SCH2CO), 4.02 (2 H, s, CCH2S), 4.15 (2 H, 
q, J 6.8 Hz, CH2CH3), 6.23 (1 H, 1, J3.4 Hz, NCH=CH), 6.26 (1 H, dd, J2.0 and 3.4 
Hz, NCH=CHCH), 7.30 (I H, dd, J 2.0 and 3.4 Hz, NCH), 7.48-7.53 (3 H, rn, 3 x 
ArH), 7.82-7.85 (2 H, dd, J 1.2 and 8.4 Hz, 2 x ArH); Oc (400 MHz, CDCh) 14.2 
(CH3), 27.9 (CH2), 32.5 (CH2), 61.4 (CH2), 111.6 (CH), 114.7 (CH), 123.8 (CH), 
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127.0 (2 X CH), 129.3 (2 X CH), 130.1 (C), 133.9 (CH), 139.2 (C), 170.3 (c); m/z 
(FAB) 339 (M+, 5 %), 206 (100 %). Accurate mass: found 339.0604, ClsH17N04S2 
requires 339.0599. 
Synthesis oj2-bromo-3,4-ethylenedioxythiopheneI6 
121 
A solution of 3,4-ethylenedioxythiophene (25) (0.23 g, 1.58 rnmol) and N-
Bromosuccinimide (0.34 g, 1.92 mmol) in a 1:1 mixture of chloroform:glacial acetic 
acid (20 ml), was stirred at room temperature for 3 h in a 100 ml round bottom flask. 
The organic layer was separated off and washed with a 10 % sodium hydroxide 
aqueous solution (3 x 20 ml), brine (2 x 10 ml) and dried over magnesium sulfate. 
The organic solvent was removed under vacuum and a yellow oil was obtained, 
which crystallised on standing (0.31 g, 90 %). vmax!cm- I (film) 3111.28, 2984, 2926, 
2874, 1586, 1497, 1416, 1269, 1246, 1184, 1153, 1086,762; OH (400 MHz, CDCh) 
4.08-4.10 (2 H, rn, OCH2), 4.15-4.18 (2 H, m, OCH2), 6.25 (2 H, s, CH); Oc (400 
MHz, CDCh) 64.6 (CH2), 65.1 (CH2), 85.5 (C), 99.6 (CH), 139.7 (CH), 141.1 (C); 
m/z (FAB) 220 (M(79Brt, 12 %), 113 (100 %). Accurate mass: found 219.9196, 
C6HS(79)Br02S requires 219.9194. 
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Appendix 1: X-Ray Crystal structure of N-benzyl-2,5-bis(2-
thienyl)pyrrole 
,,. 
'"' 
Table 1. Crystal data and structure refinement. 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient !.I 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
8 range for data collection 
Index ranges 
Completeness to 8 = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F~2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
Refinement method 
C'9H"NS2 
321.44 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P2"c 
a = 16.8050(8) A 
b = 10.0004(5) A 
c = 18.6253(9) A 
3117.0(3) A3 
8 
1.370 g/cm3 
0.337 mm-' 
1344 
a=90° 
13 = 95.241(2)° 
'Y = 90° 
colourless, 0.68 x 0.35 x 0.16 mm3 
9139 (8 range 2.20 to 28.95°) 
Bruker SMART 1000 CCD diffractometer 
0) rotation with narrow frames 
2.20 to 29.03° 
h -22 to 22, k-13 to 13, 1-24 to 24 
99.9% 
0% 
26998 
7546 (Riot = 0.0304) 
5517 
semi-empirical from equivalents 
0.803 and 0.948 
direct methods 
Full-matrix least-squares on F2 
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Weighting parameters a, b 0.0662, 1.5132 
Data 1 restraints 1 parameters 7546/382/471 
Final R indices [F2:>2cr] RI = 0.0464, wR2 = 0.1158 
R indices (all data) RI = 0.0700, wR2 = 0.1344 
Goodness-of-fit on F2 1.040 
Largest and mean shiftlsu 0.00 I and 0.000 
Largest diff. peak and hole 0.726 and -0.398 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters 
(A2). Veq is defined as one third of the trace of the orthogonalized Vij tensor. 
x y z U,q 
C(1I1) 0.10612(10) 0.1 0082(17) 0.36509(9) 0.0235(4) 
5(112) 0.19839(3) 0.03555(6) 0.39538(3) 0.03988(15) 
C(113) 0.17449(12) 0.0288(2) . 0.48280(11 ) 0.0389(5) 
C(114) 0.09906(12) 0.07297(19) 0.48862(10) 0.0307(4) 
C(115) 0.05970(11) 0.11428(19) 0.42155(10) 0.0281(4) 
C(12) 0.09110(10) 0.13438(17) 0.28883(9) 0.0217(3) 
C(13) 0.14025(10) 0.20173(17) 0.24549(10) 0.0235(4) 
C(14) 0.10178(10) 0.20372(17) 0.17524(10) 0.0229(4) 
C(15) 0.03000(10) 0.13713(17) 0.17609(9) 0.0218(3) 
C(121) -0.030 13( I 0) 0.11264(18) 0.11590(9) 0.0275(4) 
5(122) -0.0669(3) 0.2349(3) 0.0639(2) 0.0385(5) 
C(123) -0.1212(8) 0.1289(7) 0.0061(6) 0.047(2) 
C(124) -0.1103(7) -0.0020(7) 0.0268(5) 0.0461(18) 
C(125) -0.0588(9) -0.0125(7) 0.0924(7) 0.039(3) 
5(127) -0.0611(3) -0.0330(3) 0.0813(2) 0.0352(6) 
C(128) -0.1197(7) 0.0356(7) 0.0104(5) 0.0337(19) 
C(129) -0.1139(11) 0.1721(8) 0.0125(8) 0.0339(17) 
C(130) -0.0612(12) 0.2186(8) 0.0728(8) 0.031(3) 
N(ll) 0.02386(8) 0.09395(14) 0.24590(8) 0.0210(3) 
C(137) -0.04616(10) 0.02959(17) 0.27145(10) 0.0230(4) 
C(131) -0.1 0840(9) 0.12647(17) 0.29444(9) 0.0202(3) 
C(132) -0.17584(10) 0.07502(18) 0.32347(9) 0.0228(3) 
C(133) -0.23508(10) 0.15971(19) 0.34376(9) 0.0250(4) 
C(134) -0.22773(10) 0.29697(19) 0.33581(9) 0.0259(4) 
C(135) -0.16104(11) 0.34889(18) 0.30721(10) 0.0280(4) 
C(136) -0.10181(10) 0.26359(18) 0.28661(10) 0.0254(4) 
C(221) 0.53882(10) 0.17807(18) 0.38233(9) 0.0254(4) 
5(222) 0.57407(14) 0.05493(15) 0.43932(10) 0.0356(4) 
C(223) 0.6316(6) 0.1625(6) 0.4943(5) 0.0314(16) 
C(224) 0.6241(6) 0.2918(5) 0.4682(4) 0.0342(11) 
C(225) 0.5694(7) 0.3016(7) 0.4052(5) 0.043(2) 
5(227) 0.5713(4) 0.3316(5) 0.4030(3) 0.0368(8) 
C(228) 0.6261(16) 0.2775(14) 0.4800(10) 0.053(4) 
C(229) 0.6169(14) 0.1433(15) 0.4909(10) 0.032(3) 
C(230) 0.5641(12) 0.0851(10) 0.4345(8) 0.043(3) 
C(25) 0.47732(10) 0.14834(17) 0.32396(9) 0.0223(3) 
C(24) 0.40587(10) 0.08227(17) 0.32819(10) 0.0252(4) 
C(23) 0.36516(11) 0.08058(18) 0.25881(10) 0.0260(4) 
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C(22) 0.41229(10) 0.14526( 17) 0.21273(9) 0.0229(4) 
C(211) 0.39496(10) 0.17118(18) 0.13584(10) 0.0255(4) 
S(212) 0.29760(3) 0.20458(8) 0.10383(3) 0.05036(18) 
C(213) 0.32093(14) 0.2094(3) 0.01638(12) 0.0479(6) 
C(214) 0.39938(13) 0.1898(2) 0.01132(11) 0.0366(5) 
C(215) 0.44321(12) 0.1682(2) 0.07945(10) 0.0310(4) 
N(21) 0.48059(8) 0.18857(14) 0.25315(8) 0.0221(3) 
C(237) 0.54904(10) 0.25211(17) 0.22462(10) 0.0243(4) 
C(231) 0.61085(10) 0.15526(17) 0.20101(9) 0.0208(3) 
C(232) 0.67780(10) 0.20711 (18) 0.17174(9) 0.0238(4) 
C(233) 0.73618(11) 0.1236(2) 0.14898(9) 0.0282(4) 
C(234) 0.72820(11) -0.0142(2) 0.15512(10) 0.0296(4) 
C(235) 0.66222(11) -0.06670(19) 0.18477(11) 0.0316(4) 
C(236) 0.60383(11) 0.01780(18) 0.20753(10) 0.0271(4) 
Table 3. Bond lengths [A] and angles [0]. 
C(111)--C(115) 1.372(2) C(111)--C(12) 1.459(2) 
C(111)-S(112) 1.7288(17) S(112)--C(113) 1.714(2) 
C(113)--C(114) 1.356(3) C(I13)-H(113) 0.9500 
C(114)--C(115) 1.420(3) C(114)-H(114) 0.9500 
C(115)-H(115) 0.9500 C(12)--C(13) 1.382(2) 
C(12)-N(11) 1.384(2) C(13)--C(14) 1.406(2) 
C(13)-H(13) 0.9500 C(14)--C(15) 1.379(2) 
C(14)-H(14) 0.9500 C(15)-N(11) 1.383(2) 
C(15)--C(!21) 1.460(2) C(121)-C(125) 1.397(7) 
C(121)--C(130) 1.401(7) C(121)-S(122) 1.644(3) 
C(121)-S(127) 1.657(3) S(122)--C(123) 1.714(6) 
C(123)--C(124) 1.372(6) C(123)-H(123) 0.9500 
C(124)--C(125) 1.435(7) C(124)-H(124) 0.9500 
C(125)-H(125) 0.9500 S(127)--C(128) 1.718(6) 
C(128)--C(129) 1.369(6) C(128)-H(128) 0.9500 
C(129)-C(130) 1.442(8) C(129)-H(129) 0.9500 
C(!30)-H(130) 0.9500 N(11)-C(137) 1.459(2) 
C( !37)-C( 13l) 1.516(2) C(!37)-H(13A) 0.9900 
C(137)-H(13B) 0.9900 . C(131)--C(136) 1.384(2) 
C(131)-C(132) 1.398(2) C( 132)--C( 133) 1.386(2) 
C(132)-H(132) 0.9500 C( 133)--C( 134) 1.387(3) 
C( 133)-H( 133) 0.9500 C(134)-C(135) 1.385(2) 
C(134)-H(134) 0.9500 C( 13 5)-C( 13 6) 1.391(2) 
C(135)-H(135) 0.9500 C(136)-H(136) 0.9500 
C(221)-C(230) 1.384(7) C(221 )--C(225) 1.390(6) 
C(221 )-C(25) 1.460(2) C(221 )-S(227) 1.662(5) 
C(221 )-S(222) 1.697(2) S(222)-C(223) 1.721(5) 
C(223)-C(224) 1.383(5) C(223)-H(223) 0.9500 
C(224)-C(225) 1.426(7) C(224)-H(224) 0.9500 
C(225)-H(225) 0.9500 S(227)-C(228) 1.720(8) 
C(228)-C(229) 1.369(7) C(228)-H(228) 0.9500 
C(229)--C(230) 1.435(8) C(229)-H(229) 0.9500 
C(230)-H(230) 0.9500 C(25)-C(24) 1.379(2) 
C(25)-N(21 ) 1.385(2) C(24 )-C(23) 1.406(3) 
C(24)-H(24) 0.9500 C(23)-C(22) 1.381(2) 
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C(23)-H(23) 0.9500 C(22)-N(21) 1.383(2) 
C(22)-C(211 ) 1.458(2) C(211)-C(215) 1.385(2) 
C(211)-S(212) 1.7222(18) S(212)-C(213) 1.710(2) 
C(213)-C(214) 1.344(3) C(213 )-H(213) 0.9500 
C(214)-C(215) 1.424(3) C(214)-H(214) 0.9500 
C(215)-H(215) 0.9500 N(21)-C(237) 1.456(2) 
C(23 7)-C(231) 1.515(2) C(237)-H(13C) 0.9900 
C(237)-H(13D) 0.9900 C(231 )-C(23 6) 1.386(2) 
C(231 )-C(232) 1.394(2) C(232)-C(233) 1.384(3) 
C(232)-H(232) 0.9500 C(233)-C(234) 1.390(3) 
C(233)-H(233) 0.9500 C(234)-C(235) 1.387(3) 
C(234)-H(234) 0.9500 C(23 5)-C(23 6) 1.390(3) 
C(235)-H(235) 0.9500 C(236)-H(236) 0.9500 
C(115)-C(111)-C(12) 131.59(16) C(115)-C(111)-S(112) 110.04(13) 
C(12)-C(111)-S(112) 118.34(12) C(113)-S(112)-C(111) 92.52(9) 
C(114)-C(113)-S(112) 111.40(15) C(114)-C(113)-H(113) 124.3 
S(112)-C(I13)-H(113) 124.3 C(113)-C(114)-C(115) 112.84(17) 
C(113)-C(114)-H(114) 123.6 C(115)-C(114)-H(114) 123.6 
C(111)-C(115)-C(114) 113.20(16) C(111)-C(115)-H(115) 123.4 
C(114)-C(115)-H(115) 123.4 C(13)-C(12)-N(II) 107.76(15) 
C(13)-C(12)-C(111) 128.42(16) N(II)-C(12)-C(III) 123.71(15) 
C(12)-C(13)-C(14) 107.58(15) C(12)-C(13)-H(13) 126.2 
C(14)-C(13)-H(13) 126.2 C(15)-C(14)-C(13) 108.11(15) 
C(15)-C(14)-H(14) 125.9 C(13)-C(14)-H(14) 125.9 
C(14)-C(15)-N(II) 107.58(15) C(14)-C(15)-C(121) 128.11(16) 
N(II)-C(15)-C(121) 124.31(15) C(125)-C(121)-C(130) 113.5(6) 
C(12S)-C(121)-C(IS) 125.8(4) C(130)-C(121)-C(15) 120.6(4) 
C(125)-C(121)-S(122) 112.4(4) C(130)-C(121)-S(122) 1.1(6) 
C(15)-C(121)-S(122) 121.59(16) C(125)-C(121)-S(127) 4.9(8) 
C(130)-C(121)-S(127) 110.8(4) C( 15)-C(121 )-S( 127) 128.06(18) 
S(122)-C(121)-S(127) 109.71(18) C(121)-S(122)-C(123) 93.4(3) 
C(124)-C(123)-S(122) 111.3(5) C(124)-C(123)-H(123) 124.4 
S(122)-C(123)-H(123) 124.4 C(123)-C(124)-C(125) 111.4(6) 
C(123)-C(124)-H(124) 124.3 C(125)-C(124)-H(124) 124.3 
C(121)-C(125)-C(124) 111.4(6) C( 121)-C( 125)-H( 125) 124.3 
C(124)-C(125)-H(125) 124.3 C(121)-S(127)-C(128) 94.9(3) 
C(129)-C(128)-S(127) 110.0(6) C(129)-C(128)-H(128) 125.0 
S( 127)-C( 128)-H(128) 125.0 C(128)-C(129)-C(130) 112.4(7) 
C(128)-C(129)-H(129) 123.8 C(130)-C(129)-H(129) 123.8 
C(121)-C(130)-C(129) 111.9(7) C(121)-C(130)-H(130) 124.1 
C( 129)-C(130)-H(130) 124.1 C(15)-N(11)-C(12) 108.96(14) 
C(15)-N(II)-C(137) 125.19(14) C(12)-N(11)-C(137) 125.51(14) 
N(11)-C(137)-C(131) 114.09(14) N(II)-C(137)-H(13A) 108.7 
C(13l)-C(137)-H(13A) 108.7 N(11)-C(137)-H(13B) 108.7 
C( 131)-C( 137)-H( 13 B) 108.7 H(13A)-C(137)-H(13B) 107.6 
C(136)-C(131)-C(132) 118.74(16) C(136)-C(131)-C(137) 122.64(15) 
C(132)-C(131)-C(137) 118.60(15) C(133)-C(132)-C(131) 120.57(16) 
C( 133)-C( 132)-H( 132) 119.7 C(131)-C(132)-H(132) 119.7 
C( 132)-C( 133)-C( 134) 120.17(16) C(132)-C(133)-H(133) 119.9 
C(134)-C(133)-H(133) 119.9 C(135)-C(134)-C(133) 119.66(16) 
C(135)-C(134)-H(134) 120.2 C(133)-C(134)-H(134) 120.2 
C( 134)-C(135)-C(136) 120.04(17) C(134)-C(135)-H(135) 120.0 
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C(136)-C(135)-H(135) 
C(131)-C(136)-H(136) 
C(230)-C(221 )-C(225) 
C(225)-C(221 )-C(25) 
C(225)-C(22I )-S(227) 
C(23 0)-C(22 I)-S(222) 
C(25)-C(221)-S(222) 
C(221)-S(222)-C(223) 
C(224 )-C(223 )-H(223) 
C(223)-C(224)-C(225) 
C(225)-C(224 )-H(224) 
C(22 I )-C(225)-H(225) 
C(221 )-S(227)-C(22S) 
C(229)-C(22S)-H(228) 
C(228)-C(229)-C(230) 
C(230)-C(229)-H(229) 
C(221 )-C(230)-H(230) 
C(24)-C(25)-N(21) 
N(21)-C(25)-C(221) 
C(25)-C(24)-H(24) 
C(22)-C(23)-C(24) 
C(24)-C(23)-H(23) 
C(23)-C(22)-C(211) 
C(215)-C(211)-C(22) 
C(22)-C(211)-S(212) 
C(2 I 4)-C(2 I 3)-S(2 12) 
S(212)-C(213)-H(213) 
C(213)-C(2 I 4)-H(2 14) 
C(211)-C(215)-C(214) 
C(2 14)-C(2 I 5)-H(2 15) 
C(22)-N(21)-C(237) 
N(21)-C(237)-C(23I) 
C(231 )-C(23 7)-H(l3C) 
C(231)-C(237)-H(l3D) 
C(236)-C(231)-C(232) 
C(232)-C(231)-C(237) 
C(233)-C(232)-H(232) 
C(232)-C(233)-C(234) 
C(234)-C(233)-H(233) 
C(23 5)-C(234 )-H(234) 
C(234)-C(235)-C(236) 
C(236)-C(235)-H(235) 
C(231 )-C(23 6)-H(236) 
120.0 
119.6 
107.5(7) 
128.7(4) 
5.1(5) 
6.0(10) 
120.05(14) 
93.6(2) 
124.8 
112.6(5) 
123.7 
123.7 
92.4(4) 
124.1 
111.1(8) 
124.4 
124.1 
107.70(15) 
124.26(15) 
126.1 
107.S8(16) 
126.1 
128.27(16) 
131.52(16) 
118.20(13) 
111.97(16) 
124.0 
123.5 
112.43(17) 
123.8 
125.57(15) 
114.36(14) 
108.7 
108.7 
118.77(16) 
11 S.36(1 5) 
119.5 
119.78(17) 
120.1 
120.2 
120.23(18) 
119.9 
119.7 
C(131)-C(136)-C(135) 
C(135)-C(136)-H(136) 
C(230)-C(221)-C(25) 
C(230)-C(221)-S(227) 
C(25)-C(221)-S(227) 
C(225)-C(221)-S(222) 
S(227)-C(221)-S(222) 
C(224)-C(223)-S(222) 
S(222)-C(223)-H(223) 
C(223 )-C(224)-H(224) 
C(221)-C(225)-C(224) 
C(224)-C(225)-H(225) 
C(229)-C(228)-S(227) 
S(227)-C(228)-H(22S) 
C(228)-C(229)-H(229) 
C(221 )-C(23 0)-C(229) 
C(229)-C(230)-H(230) 
C(24)-C(25)-C(221) 
C(25)-C(24)-C(23) 
C(23 )-C(24 )-H(24) 
C(22)-C(23 )-H(23) 
C(23)-C(22)-N(21) 
N(2 1)-C(22)-C(2 I I) 
C(215)-C(211)-S(212) 
C(213)-S(2 12)-C(2 I I) 
C(214)-C(213)-H(213) 
C(213)-C(214)-C(215) 
C(2 I S)-C(214)-H(2 14) 
C(211)-C(215)-H(215) 
C(22)-N(21 )-C(25) 
C(25)-N(21)-C(237) 
N(21)-C(237)-H(l3C) 
N(21)-C(237)-H(13D) 
H(13C)-C(237)-H(13D) 
C(236)-C(231)-C(237) 
C(233)-C(232)-C(23I) 
C(231 )-C(232)-H(232) 
C(232)-C(233)-H(233) 
C(235)-C(234)-C(233) 
C(233 )-C(234 )-H(234) 
C(234)-C(235)-H(235) 
C(231)-C(236)-C(235) 
C(23 5)-C(23 6)-H(236) 
120.81(16) 
119.6 
122.5(5) 
112.6(5) 
123.7(2) 
110.S(3) 
115.9(2) 
110.3(4) 
124.8 
123.7 
112.6(5) 
123.7 
111.9(7) 
124.1 
124.4 
111.8(7) 
124.1 
128.00(16) 
107.S5(16) 
126.1 
126.1 
107.63(15) 
124.06(15) 
110.20(14) 
92.41(10) 
124.0 
112.97(18) 
123.5 
123.8 
108.92(14) 
125.14(15) 
108.7 
108.7 
107.6 
122.87(15) 
121.01(17) 
119.5 
120.1 
119.67(17) 
120.2 
119.9 
120.54(17) 
119.7 
Table 4. Anisotropic displacement parameters (A2). The anisotropic displacement 
factor exponent takes the form: _21t2[h2a,,2Ull + ... + 2hka*b*U12J. 
ull 
C(lII) 0.0215(S) 
S(112) 0.0234(2) 
C(I13) 0.0341(11) 
U22 
0.0223(S) 
0.0683(4) 
0.0565(14) 
U33 U23 
0.0268(9) -0.0015(7) 
0.0277(3) 0.0034(2) 
0.0250(10) 0.0033(9) 
uB U 12 
0.0020(7) -0.0006(6) 
0.00081(19) 0.0086(2) 
-0.0029(8) -0.0014(10) 
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C(114) 0.0369(11) 
C(115) 0.0274(9) 
C(12) 0.0198(8) 
C(13) 0.0197(8) 
C(14) 0.0219(8) 
C(15) 0.0213(8) 
C(121) 0.0218(8) 
S(122) 0.0305(11) 
C(123) 0.030(3) 
C(124) 0.029(3) 
C(125) 0.033(3) 
S(127) 0.0381(11) 
C(128) 0.026(3) 
C(129) 0.032(5) 
C(130) 0.026(4) 
N(II) 0.0193(7) 
C(137) 0.0219(8) 
C(l3l) 0.0180(8) 
C(132) 0.0220(8) 
C(133) 0.0199(8) 
C(134) 0.0217(8) 
C(135) 0.0283(9) 
C(136) 0.0228(9) 
C(221) 0.0219(8) 
S(222) 0.0361(7) 
C(223) 0.019(4) 
C(224) 0.029(3) 
C(225) 0.033(3) 
S(227) 0.0339(15) 
C(228) 0.036(7) 
C(229) 0.018(7) 
C(230) 0.034(6) 
C(25) 0.0248(8) 
C(24) 0.0257(9) 
C(23) 0.0220(8) 
C(22) 0.0204(8) 
C(211) 0.0220(8) 
S(212) 0.0252(3) 
C(213) 0.0405(12) 
C(214) 0.0404(11) 
C(215) 0.0308(10) 
N(21) 0.0207(7) 
C(237) 0.0238(9) 
C(231) 0.0194(8) 
C(232) 0.0213(8) 
C(233) 0.0218(9) 
C(234) 0.0242(9) 
C(235) 0.0294(10) 
C(236) 0.0228(9) 
0.0320(10) 
0.0274(9) 
0.0186(8) 
0.0210(8) 
0.0202(8) 
0.0209(8) 
0.0371(10) 
0.0537(9) 
0.089(7) 
0.072(4) 
0.047(4) 
0.0295(8) 
0.044(4) 
0.045(4) 
0.041(4) 
0.0212(7) 
0.0203(8) 
0.0227(8) 
0.0242(8) . 
0.0342(10) 
0.0324(10) 
0.0223(9) 
0.0240(9) 
0.0297(9) 
0.0400(6) 
0.051(3) 
0.043(2) 
0.050(4) 
0.0465(17) 
0.094(8) 
0.056(6) 
0.059(7) 
0.0193(8) 
0.0215(8) 
0.0225(9) 
0.0207(8) 
0.0255(9) 
0.0905(5) 
0.0711(17) 
0.0432(12) 
0.0343(10) 
0.0205(7) 
0.0210(8) 
0.0247(9) 
0.0289(9) 
0.0402(11) 
0.0364(10) 
0.0259(9) 
0.0237(9) 
0.0235(9) -0.0029(7) 
0.0302(10) 0.0014(7) 
0.0268(9) -0.0025(6) 
0.0300(9) -0.0005(7) 
0.0272(9) 0.0012(7) 
0.0238(8) -0.0006(7) 
0.0241 (9) -0.0043(8) 
0.0308(9) 0.0215(7) 
0.019(2) -0.007(5) 
0.036(4) -0.012(3) 
0.035(4) -0.010(3) 
0.0381(12) -0.0109(8) 
0.030(5) -0.014(4) 
0.024(4) -0.004(3) 
0.023(5) 0.005(3) 
0.0231 (7) -0.0007(6) 
0.0274(9) 0.0005(7) 
0.0199(8) 0.0002(6) 
0.0221 (8) 0.0045(7) 
0.0211 (8) 0.0036(7) 
0.0236(9) 0.0000(7) 
0.0336(10) 0.0009(7) 
0.0301(9) 0.0013(7) 
0.0253(9) -0.0004(7) 
0.0313(5) 0.0098(4) 
0.023(2) -0.004(2) 
0.031(3) -0.0067(17) 
0.048(3) 0.00 I (3) 
0.0298(14) -0.0058(11) 
0.027(6) -0.001(5) 
0.022(5) 0.007(4) 
0.037(6) -0.017(5) 
0.0234(8) -0.0007(6) 
0.0296(9) -0.0003(7) 
0.0342(10) -0.0018(7) 
0.0278(9) -0.0029(7) 
0.0289(9) -0.0016(7) 
0.0347(3) -0.0032(3) 
0.0303(11) -0.0002(11) 
0.0266(10) 0.0025(9) 
0.0279(10) 0.0021 (8) 
0.0257(7) 0.0000(6) 
0.0289(9) 0.0016(7) 
0.0181 (8) -0.0003(6) 
0.0213(8) 0.0035(7) 
0.0228(9) 0.0027(8) 
0.0282(9) -0.0035(8) 
0.0396(11) -0.0017(8) 
0.0354(10) 0.0012(7) 
0.0048(8) -0.0043(8) 
0.0070(7) 0.0036(7) 
0.0025(6) 0.0005(6) 
0.0033(7) -0.0012(6) 
0.0058(7) -0.0003(6) 
0.0049(6) 0.0006(6) 
0.0048(7) -0.0028(7) 
0.0000(6) 0.0039(7) 
-0.0049(18) -0.008(7) 
-0.003(2) -0.007(4) 
-0.005(3) -0.002(3) 
0.0035(9) -0.0078(7) 
-0.004(3) 0.000(4) 
-0.003(2) -0.004(4) 
-0.010(3) 0.000(4) 
0.0048(5) -0.0014(5) 
0.0057(7) -0.0036(6) 
0.0020(6) -0.0023(6) 
0.0018(6) -0.0031(7) 
0.0031(6) -0.0028(7) 
0.0015(7) 0.0052(7) 
0.0035(7) -0.0004(7) 
0.0064(7) -0.0038(7) 
0.0063(7) 0.0020(7) 
0.0065(4) 0.0041(5) 
-0.0015(19) -0.001(2) 
0.0047(18) -0.0046(19) 
0.005(2) -0.005(3) 
0.0015(10) -0.0148(13) 
-0.006(5) -0.017(7) 
0.005(3) -0.0 14(4) 
0.002(4) 0.008(6) 
0.0058(7) 0.0015(6) 
0.0087(7) -0.0014(7) 
0.0066(7) -0.0020(7) 
0.0030(7) 0.0002(6) 
0.0022(7) 0.0001(7) 
-0.0006(2) 0.0078(3) 
-0.0068(9) 0.0043(11) 
0.0045(8) -0.0010(9) 
0.0030(8) 0.0014(8) 
0.0044(6) -0.0009(5) 
0.0065(7) -0.0034(7) 
0.0001(6) -0.0029(6) 
0.0017(6) -0.0038(7) 
0.0040(7) -0.0030(7) 
0.0023(7) 0.0051(7) 
0.0040(8) -0.0008(7) 
0.0063(7) -0.0041(7) 
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Table 5. Hydrogen coordinates and isotropic displacement parameters (A2). 
x y z U 
H(I13) 0.2096 -0.0021 0.5222 0.047 
H(114) 0.0751 0.0760 0.5329 0.037 
H(115) 0.0066 0.1478 0.4163 0.034 
H(13) 0.1909 0.2398 0.2605 0.028 
H(14) 0.1217 0.2439 0.1343 0.027 
H(l23) -0.1546 0.1571 -0.0350 0.056 
H(124) -0.1338 -0.0762 0.0010 0.055 
H(125) -0.0459 -0.0942 0.1168 0.046 
H(128) -0.1516 -0.0139 -0.0251 0.040 
H(l29) -0.1416 0.2297 -0.0218 0.041 
H(130) -0.0489 0.3100 0.0821 0.037 
H(13A) -0.0285 -0.0287 0.3129 0.028 
H(13B) -0.0712 -0.0282 0.2326 0.028 
H(132) -0.1811 -0.0188 0.3293 0.027 
H(133) -0.2808 0.1237 0.3632 0.030 
H(134) -0.2682 0.3551 0.3499 0.031 
H(135) -0.1557 0.4428 0.3017 0.034 
H(136) -0.0563 0.2999 0.2669 0.030 
H(223) 0.6639 0.1368 0.5366 0.038 
H(224) 0.6522 0.3660 0.4899 0.041 
H(225) 0.5554 0.3835 0.3815 0.052 
H(228) 0.6589 0.3341 0.5113 0.063 
H(229) 0.6421 0.0950 0.5306 0.038 
H(230) 0.5484 -0.0062 0.4331 0.052 
H(24) 0.3874 0.0446 0.3705 0.030 
H(23) 0.3142 0.0418 0.2459 0.031 
H(213) 0.2830 0.2241 -0.0238 0.058 
H(214) 0.4231 0.1904 -0.0331 0.044 
H(215) 0.4993 0.1533 0.0855 0.037 
H(l3C) 0.5751 0.3120 0.2621 0.029 
H(13D) 0.5297 0.3083 0.1829 0.029 
H(232) 0.6834 0.3012 0.1674 0.029 
H(233) 0.7815 0.1603 0.1292 0.034 
H(234) 0.7678 -0.0720 0.1391 0.036 
H(235) 0.6569 -0.1608 0.1895 0.038 
H(236) 0.5588 -0.0190 0.2277 0.032 
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Table 6. Torsion angles [0]. 
C(115~(III}-S(112~(113) 
C(III}-S(112~(113~(114) 
C(12~(III~(115~(114) 
C(113~(114~(115~(III) 
S(112~(III~(12~(13) 
S(112~(III~(12}-~(II) 
C(111~(12~(13~(14) 
C(13~(14~(15}-~(II) 
C(14~(15~(121~(125) 
C(14~(15~(121~(130) 
C(14~(15~(121}-S(122) 
C(14~(15~(121}-S(127) 
C(125~(121}-S(122~(123) 
C(15~(121}-S(122~(123) 
C(121}-S(122~(123~(124) 
C(130~(121~(125~(124) 
S(122~(121~(125~(124) 
C(123~(124~(125~(121) 
C(130~(121}-S(127~(128) 
S(122~(121}-S(127~(128) 
S(127~(128~(129~(130) 
C(15~(121~(130~(129) 
S(127~(121~(130~(129) 
C(14~(15}-~(11~(12) 
C(14~(15}-~(II~(137) 
C(13~(12}-~(II~(15) 
C(13~(12}-~(II~(137) 
C(15}-~(II~(137~(131) 
~(1 1~(137~(I3l~(136) 
C(136~(131~(132~(133) 
C(131~(132~(133~(134) 
C(133~(134~(135~(136) 
C(137~(131~(136~(135) 
C(230~(221}-S(222~(223) 
C(25~(221}-S(222~(223) 
C(221}-S(222~(223~(224) 
C(230~(221~(225~(224) 
S(227~(221~(225~(224) 
C(223~(224~(225~(221) 
C(225~(221}-S(227~(228) 
S(222~(221}-S(227~(228) 
S(227~(228~(229~(230) 
C(25~(221 ~(230~(229) 
S(222~(221~(230~(229) 
C(230~(221 ~(25~(24) 
S(227~(221 ~(25~(24) 
C(230~(221~(25}-~(21) 
S(227~(221 }-C(25}-~(21) 
-0.63(15) C(12~(1 II}-S(1 12~(113) 
0.65(18) S(112~(I13~(114~(115) 
-177.75(18) S(112~(111~(115~(114) 
0.0(3) C(115~(1 11~(12~(13) 
-45.1(2) C(115~(1 11~(12}-~(1 1) 
130.50(15) ~(11~(12~(13~(14) 
176.92(17) C(l2~(13~(14~(15) 
-0.11(19) C(l3~(14~(15~(121) 
122.7(10) ~(lI~(15~(121~(125) 
-53.2(12) ~(1 1~(15~(121~(130) 
-52.6(3) ~(11~(15~(121}-S(122) 
117.2(3) ~(II~(15~(121}-S(127) 
-1.3(10) C(130~(121}-S(122~(123) 
174.6(6) S(127~(121}-S(122~(123) 
-0.5(1 1) S(122~(123~(124~(125) 
3.2(19) C(15~(121~(125~(124) 
2.7(15) S(127~(121~(125~(124) 
-3.1(18) C(125~(121}-S(127~(128) 
-2.4(13) C(15~(121}-S(127~(128) 
-2.7(6) C(121}-S(127~(128~(129) 
0(2) C(125~(121~(130~(129) 
174.6(13) S(122~(121~(130~(129) 
3(2) C(128~(129~(130~(121) 
0.58(19) C(121~(15}-~(1 1~(12) 
174.26(15) C(121~(15}-~(11~(137) 
-0.82(18) C(1 11~(12}-~(11~(15) 
-174.48(15) C(111~(12}-~(1 1~(137) 
-85.7(2) C(12}-~(II~(137~(I3l) 
4.6(2) ~(11~(137~(I3l~(132) 
0.2(3) C(137~(131~(132~(133) 
-0.4(3) C(132~(133~(134~(135) 
0.0(3) C(132~(13l~(136~(135) 
178.82(16) C(134~(135~(136~(131) 
-59(7) C(225~(221}-S(222~(223) 
-174.2(5) S(227~(221}-S(222~(223) 
-0.6(10) S(222~(223~(224~(225) 
7.6(16) C(25~(221~(225~(224) 
-173(11) S(222~(221~(225~(224) 
-2.8(16) C(230~(221}-S(227~(228) 
3(10) C(25~(221}-S(227~(228) 
-1.8(12) C(221}-S(227~(228~(229) 
0(4) C(225~(221~(230~(229) 
-172.3(16) S(227}-C(221 ~(230~(229) 
120(8) C(228~(229~(230~(221) 
43.8(12) C(225~(221~(25~(24) 
-122.9(4) S(222~(221~(25~(24) 
-138.9(12) C(225~(221~(25}-~(21) 
54.3(4) S(222~(221~(25}-~(21) 
177.86(15) . 
-0.5(2) 
0.5(2) 
133.0(2) 
-51.4(3) 
0.74(19) 
-0.39(19) 
-179.51(17) . 
-56.6(10) 
127.5(12) 
128.1(3) 
-62.1(4) 
-159(62) 
3.1(6) 
2.1(15) 
-173.0(8) 
-55(7) 
121(8) 
-173.5(5) 
1.4(13) 
-2(2) 
21(60) 
-2(3) 
180.00(16) . 
-6.3(3) 
-177.22(15) 
9.1(3) 
87.0(2) 
-176.58(15) 
-178.60(16) 
0.3(3) 
0.0(3) 
-0.1(3) 
-1.0(8) 
-0.5(6) 
2.0(14) 
174.8(7) 
2.3(12) 
3.7(16) 
171.7(11) 
-2(3) 
-4(2) 
-4(2) 
2(3) 
-121.6(8) 
50.3(3) 
55.6(8) 
-132.44( 18) 
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N(21 )-C(25)-C(24)-C(23) 
C(25)-C(24)-C(23)-C(22) 
C(24)-C(23)-C(22)-C(211 ) 
N(21)-C(22)-C(211)-C(215) 
N(21)-C(22)-C(211)-S(212) 
C(22)-C(211)-S(212)-C(213) 
S(212)-C(213)-C(214)-C(215) 
S(212)-C(211)-C(215)-C(214) 
C(23)-C(22)-N(21)-C(25) 
C(23 )-C(22)-N(21 )-C(23 7) 
C(24)-C(25)-N(21 )-C(22) 
C(24 )-C(25)-N (21 )-C(23 7) 
C(22)-N(21)-C(237)-C(231) 
N(21 )-C(23 7)-C(231 )-C(236) 
C(236)-C(231 )-C(232)-C(233) 
C(231 )-C(232)-C(233)-C(234) 
C(233)-C(234)-C(235)-C(236) 
C(23 7)-C(231 )-C(236)-C(23 5) 
0.69(19) 
0.2(2) 
-178.64(17) 
41.3(3) 
-142.31(15) 
-175.44(16) 
0.9(3) 
-1.5(2) 
1.49(19) 
174.83(15) 
-1.35(19) 
-174.73(15) 
-86.8(2) 
-1.4(2) 
0.5(3) 
0.1(3) 
0.7(3) 
179.78(17) 
C(221)-C(25)-C(24)-C(23) 
C(24)-C(23)-C(22)-N(21) 
C(23)-C(22)-C(211 )-C(215) 
C(23)-C(22)-C(211)-S(212) 
C(215)-C(211)-S(212)-C(213) 
C(211)-S(212)-C(213)-C(214) 
C(22)-C(211)-C(215)-C(214) 
C(213)-C(214)-C(215)-C(211) 
C(211 )-C(22)-N(21 )-C(25) 
C(211)-C(22)-N(21)-C(237) 
C(221 )-C(25)-N(21 )-C(22) 
C(221 )-C(25)-N(21 )-C(23 7) 
C(25)-N(21)-C(237)-C(231) 
N(21 )-C(237)-C(231 )-C(232) 
C(237)-C(231 )-C(232)-C(233) 
C(232)-C(233)-C(234)-C(235) 
C(232)-C(231 )-C(236)-C(235) 
C(234)-C(235)-C(236)-C(231 ) 
178.31(17) 
-1.04(19) 
-141.4(2) 
34.9(2) 
1.66(17) 
-1.5(2) 
175.12(19) 
0.4(3) 
179.21(16) 
-7.4(3) 
-179.08(15) 
7.5(3) 
85.5(2) 
178.84(15) 
-179.78(16) 
-0.7(3) 
-0.5(3) 
-0.1(3) 
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Appendix 2: X-Ray Crystal structure of N-(4-methylhenzyl) 
-2,S-his(2-thienyl)pyrrole 
Table 1. Crystal data and structure refinement. 
Chemical fonnula 
Fonnula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient J.l 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to e = 26.00° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
C20H17NS2 
335.47 
150(2) K 
MoKa, 0.71073 A 
monoclinic, P2,/n 
a = 10.2801(6) A 
b=7.1794(4)A 
c = 23.4700(14) A 
1722.08(17) N 
4 
1.294 g'cm3 
0.308 mm-' 
704 
a=900 
13 = 96.196(2)" 
y=900 
pale yellow, 0.65 x 0.44 x 0.43 mm3 
6807 (9 range 2.26 to 28.37°) 
Bruker SMART 1000 CCD diffractometer 
ro rotation with narrow frames 
1.75 to 29.07° 
h -13 to 13, k -9 to 9, 1-30 to 31 
99.9% 
0% 
14693 
4168 (R;nt = 0.0191) 
3253 
semi-empirical from equivalents 
0.825 and 0.879 
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Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F~2cr 1 
R indices (all data) 
Goodness-of-fit on F2 
Largest and mean shiftlsu 
Largest diff. peak and hole 
direct methods 
Full-matrix least-squares on F2 
0.0490, 0.4381 
4168/304/283 
RI = 0.0358, wR2 = 0.0931 
RI = 0.0495, wR2 = 0.1045 
1.035 
0.000 and 0.000 
0.253 and -0.208 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters 
(N). Ueq is defined as one third of the trace of the orthogonalized Uii tensor. 
N(11) 
C(12) 
C(13) 
C(14) 
C(15) 
C(111) 
S(112) 
C(113) 
C(114) 
C(115) 
S(117) 
C(118) 
C(119) 
C(120) 
C(121) 
S(122) 
C(123) 
C(124) 
C(125) 
S(127) 
C(128) 
C(129) 
C(130) 
C(137) 
C(13I) 
C(132) 
C(133) 
C(134) 
C(135) 
C(136) 
C(138) 
x 
0.13920(10) 
0.23902(13) 
0.23331(13) 
0.12887(13) 
0.07097(12) 
0.33665(14) 
0.49221(11) 
0.5425(5) 
0.4431(5) 
0.3216(7) 
0.3232(7) 
0.4824(11) 
0.5487(13) 
0.4633(10) 
-0.03499(13) 
-0.16421(14) 
-0.2383(13) 
-0.1690(10) 
-0.0528(7) 
-0.0376(3) 
-0.1816(18) 
-0.231(2) 
-0.1436(10) 
0.11112(13) 
0.01532(12) 
-0.03694(15) 
-0.12700(15) 
-0.16679(13) 
-0.11178(14) 
-0.02234(13) 
-0.26673(17) 
y 
-0.05016(14) 
0.05460(18) 
0.23014(18) 
0.23313(18) 
0.05908(17) 
-0.0158(2) 
0.06094(19) 
-0.0577(12) 
-0.1602(12) 
-0.1355(13) 
-0.1582(12) 
-0.140(3) 
-0.021(3) 
0.059(2) 
-0.00396(18) 
-0.1394(3) 
-0.127(3) 
-0.018(2) 
0.0529(13) 
0.0737(6) 
-0.031(4) 
-0.128(6) 
-0.1156(19) 
-0.24469(17) 
-0.27136(18) 
-0.1238(2) 
-0.1545(2) 
-0.3326(2) 
-0.4803(2) 
-0.45081(19) 
-0.3646(3) 
z 
0.18545(5) 
0.16674(6) 
0.19018(6) 
0.22367(6) 
0.22080(6) 
0.13162(6) 
0.14431(6) 
0.0878(3) 
0.0596(3) 
0.0849(4) 
0.0776(3) 
0.0646(9) 
0.1 031(9) 
0.1409(7) 
0.25214(6) 
0.22444(6) 
0.2856(5) 
0.3259(4) 
0.3070(3) 
0.31994(14) 
0.3286(8) 
0.2810(9) 
0.2379(5) 
0.17138(6) 
0.11801(6) 
0.08522(7) 
0.03754(6) 
0.02120(6) 
0.05361(6) 
0.10143(6) 
-0.03003(7) 
Ueq 
0.0359(3) 
0.0370(3) 
0.0384(3) 
0.0377(3) 
0.0356(3) 
0.0422(3) 
0.0482(3) 
0.0584(13) 
0.0524(9) 
0.0434(12) 
0.0590(12) 
0.062(3) 
0.062(3) 
0.073(4) 
0.0386(3) 
0.0520(3) 
0.0503(18) 
0.0497(14) 
0.060(2) 
0.0451(5) 
0.058(3) 
0.063(4) 
0.072(3) 
0.0391(3) 
0.0356(3) 
0.0480(4) 
0.0481(4) 
0.0414(3) 
0.0436(3) 
0.0395(3) 
0.0549(4) 
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Table 3. Bond lengths [A] and angles [0]. 
N(11}-C(12) 1.3815(17) N(II}-C(15) 1.3861(17) 
N(l1}-C(137) 1.4568(16) C(12}-C(13) 1.3789(19) 
C(12}-C(111) 1.456(2) C( 13 }-C(14) 1.398(2) 
C(14}-C(15) 1.3826(18) C(15}-C(121) 1.451(2) 
C( 111 }-C(115) 1.388(6) C(111}-C(120) 1.405(8) 
C( 111 )-S( 117) 1.623(5) C(111)-S(112) 1.6872(17) 
S(112}-C(113) 1.703(5) C(113}-C(114) 1.370(4) 
C(114}-C(115) 1.450(7) S( 117}-C( 118) 1.702(8) 
C(118}-C(119) 1.373(7) C(119}-C(120) 1.434(10) 
C(121}-C(125) 1.382(6) C(121}-C(130) 1.386(7) 
C(121)-S(127) 1.689(3) C(121)-S(122) 1.7164(16) 
S(122}-C(123) 1.697(6) C(123}-C(124) 1.369(4) 
C(124}-C(125) 1.413(8) S(127)-C(128) 1.691(9) 
C(128}-C(129) 1.366(7) C(129)-C(130) 1.423(10) 
C( 137}-C( 131) 1.5196(17) C(131)-C(132) 1.3837(19) 
C(131}-C(136) 1.3888(18) C( 132)-C( 133) 1.391(2) 
C( 133}-C( 134) 1.383(2) C(134)-C(135) 1.389(2) 
C(134)-C(138) 1.5125(18) C(135)-C(136) 1.3882(19) 
C(12)-N(II}-C(15) 108.87(11) C(12)-N(11}-C(137) 125.85(12) 
C(15)-N(II}-C(137) 125.27(11) C(13}-C(12)-N(II) 107.81(12) 
C(13}-C(12)-C(III) 127.20(13) N(II}-C(12)-C(111) 124.88(12) 
C(12}-C(13)-C(14) 107.86(12) C(15}-C(14)-C(13) 108.15(12) 
C(14}-C(15)-N(II) 107.31(12) C(14)-C(15}-C(121) 126.88(13) 
N(II)-C(15}-C(121) 125.66(12) C(115}-C(111}-C(120) 112.5(7) 
C(115}-C(III}-C(12) 129.5(3) C(120}-C(III}-C(12) 117.6(5) 
C(115)-C(III)-S(117) 1.7(7) C(120}-C(III)-S(117) 111.2(5) 
C(12)-C(111)-S(117) 130.9(3) C(115}-C(III)-S(112) 111.4(3) 
C(120}-C(III)-S(112) 3.7(9) C(12)-C(111)-S(112) 119.00(11) 
S(117)-C(111)-S(112) 110.1(3) C(111)-S(112}-C(113) 93.50(18) 
C(114)-C(113)-S(112) 111.8(4) C(113}-C(114}-C(115) 111.6(5) 
C(111)-C(115}-C(114) 111.8(5) C(111)-S(117}-C(118) 95.2(5) 
C(119)-C(118)-S(117) 110.3(9) C(118}-C(119}-C(120) 111.4(10) 
C(III)-C(120}-C(119) 111.7(8) C(125}-C(121}-C(130) 102.2(6) 
C(125}-C(121}-C(15) 124.2(3) C(130}-C(121}-C(15) 133.5(5) 
C(125}-C(121)-S(127) 6.9(4) C(130}-C(121)-S(127) 108.9(4) 
C(15)-C(121)-S(127) 117.63(14) C(125}-C(121)-S(122) 110.2(3) 
C(130}-C(121)-S(122) 8.3(5) C(15}-C(121)-S(122) 125.27(11) 
S(127)-C(121)-S(122) 116.96(15) C(123)-S(122}-C(121) 92.9(2) 
C(124)-C(123)-S(122) 111.5(5) C(123}-C(124}-C(125) 112.6(6) 
C(121 )-C(125}-C( 124) 112.8(5) C(121)-S(127}-C(128) 94.0(5) 
C(129}-C(128)-S(127) 112.3(9) C(128}-C(129}-C(130) 110.1(10) 
C(121}-C(130}-C(129) 114.7(7) N(11)-C(137}-C(131) 113.74(10) 
C( 132}-C( 131}-C( 13 6) 118.35(12) C(132}-C(131}-C(137) 122.69(12) 
C( 13 6}-C( 131}-C( 137) 118.96(11) C(131}-C(132}-C(I33) 120.71(13) 
C( 134}-C( I33}-C( 132) 121.39(13) C( 133}-C( 134)-C( 135) 117.57(12) 
C(133}-C(134}-C(138) 121.05(14) C(135}-C(134}-C(138) 121.38(13) 
C(136}-C(135}-C(134) 121.42(13) C(135}-C(136}-C(131) 120.54(13) 
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Table 4. Anisotropic displacement parameters (N). The anisotropic displacement factor 
exponent takes the form: _2~[h2a*2Ull + ... + 2hka*b*UI2]. 
U lI U22 U33 U23 UI3 UI2 
N(l1) 0.0351(5) 0.0272(5) 0.0427(6) -0.0014(4) -0.0085(4) 0.0008(4) 
C(12) 0.0356(6) 0.0334(7) 0.0391(7) 0.0015(5) -0.0093(5) 0.0008(5) 
C(13) 0.0413(7) 0.0307(7) 0.0405(7) 0.0014(5) -0.0081(5) -0.0032(5) 
C(14) 0.0408(7) 0.0292(6) 0.0402(7) -0.0014(5) -0.0084(5) 0.0003(5) 
C(15) 0.0349(6) 0.0289(6) 0.0401(7) -0.0002(5) -0.0094(5) 0.0021(5) 
C(111) 0.0420(7) 0.0361(7) 0.0466(8) 0.0049(6) -0.0032(6) 0.0053(6) 
8(112) 0.0371(4) 0.0478(4) 0.0583(5) 0.0023(4) -0.0019(3) -0.0037(3) 
C(113) 0.0492(19) 0.060(3) 0.068(5) 0.003(2) 0.017(2) 0.0059(15) 
C(114) 0.054(2) 0.0500(17) 0.0535(18) -0.0015(12) 0.009(2) 0.006(2) 
C(115) 0.042(2) 0.040(3) 0.047(3) -0.0044(18) -0.0001(16) 0.0071(15) 
8(117) 0.070(2) 0.0544(19) 0.0486(15) -0.0167(11) -0.0098(12) 0.0193(13) 
C(118) 0.058(8) 0.071(10) 0.059(7) 0.001(5) 0.017(8) 0.021(7) 
C(119) 0.056(4) 0.069(10) 0.059(9) 0.010(5) 0.006(4) 0.005(4) 
C(120) 0.078(8) 0.074(7) 0.062(6) -0.010(5) -0.021(6) 0.028(5) 
C(121) 0.0345(6) 0.0291(6) 0.0494(8) -0.0004(6) -0.0077(5) -0.0001(5) 
8(122) 0.0403(4) 0.0452(5) 0.0681(7) -0.0039(5) -0.0058(4) -0.0105(3) 
C(123) 0.037(3) 0.041(4) 0.072(3) 0.002(3) 0.001(3) -0.005(2) 
C(124) 0.047(3) 0.042(3) 0.060(3) -0.001(2) 0.007(2) 0.004(2) 
C(125) 0.048(2) 0.045(3) 0.081(4) 0.010(3) -0.009(2) -0.0002(17) 
8(127) 0.0395(9) 0.0405(9) 0.0557(10) -0.0004(8) 0.0074(9) 0.0006(7) 
C(128) 0.039(4) 0.051(6) 0.088(6) 0.019(5) 0.018(4) 0.006(4) 
C(129) 0.041(7) 0.044(8) 0.099(9) o.ot 1(8) -0.010(6) -0.010(6) 
C(130) 0.086(7) 0.051(5) 0.074(5) -0.004(4) -0.011(4) 0.009(4) 
C(137) 0.0407(7) 0.0262(6) 0.0470(7) -0.0025(5) -0.0104(6) 0.0018(5) 
C(131) 0.0329(6) 0.0316(6) 0.0406(7) -0.0035(5) -0.0033(5) 0.0026(5) 
C(132) 0.0515(8) 0.0315(7) 0.0565(9) -0.0024(6) -0.0156(7) 0.0026(6) 
C(133) 0.0494(8) 0.0413(8) 0.0498(8) 0.0018(6) -0.0118(7) 0.0076(6) 
C(134) 0.0378(7) 0.0460(8) 0.0388(7) -0.0073(6) -0.0027(5) 0.0035(6) 
C(135) 0.0487(8) 0.0352(7) 0.0448(8) -0.0086(6) -0.0042(6) -0.0007(6) 
C(136) 0.0417(7) 0.0320(7) 0.0430(7) -0.0022(5) -0.0031(6) 0.0029(5) 
C(138) 0.0552(9) 0.0583(10) 0.0470(8) -0.0096(7) -0.0138(7) 0.0013(7) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (N). 
x y z U 
H(13) 0.2903 0.3311 0.1846 0.046 
H(14) 0.1023 0.3368 0.2448 0.045 
H(113) 0.6290 -0.0534 0.0771 0.070 
H(114) 0.4526 -0.2377 0.0276 0.063 
H(115) 0.2414 -0.1941 0.0712 0.052 
H(118) 0.5200 -0.2039 0.0348 0.074 
H(119) 0.6396 0.OQ52 0.1046 0.074 
H(120) 0.4892 0.1520 0.1687 0.088 
H(123) -0.3179 -0.1887 0.2911 0.060 
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H(124) 
H(125) 
H(128) 
H(l29) 
H(130) 
H(13A) 
H(13B) 
H(l32) 
H(l33) 
H(l35) 
H(136) 
H(13C) 
H(13D) 
H(13E) 
-0.1960 
0.0067 
-0.2237 
0.0073 
0.1313 
-0.0226 
0.3626 
0.3296 
0.3626 
0.2773 
0.2023 
0.2042 
0.1657 
0.0954 
0.0157 
0.0428 
0.1230 
0.060 
0.071 
0.070 
0.075 
0.086 
0.047 
0.047 
0.058 
0.058 
0.052 
0.047 
0.082 
0.082 
0.082 
-0.3109 
-0.1588 
0.0749 
0.1941 
-0.0110 
-0.1619 
-0.1359 
-0.1948 
-0.1787 
-0.3047 
-0.3086 
-0.0001 
-0.0511 
-0.6041 
-0.5543 0.0134 
-0.3193 -0.2517 -0.0377 
-0.3239 -0.4684 -0.0220 
-0.2217 -0.3944 -0.0636 
Table 6. Torsion angles [0]. 
C(15}-N(II}-C(12}-C(13) 
C(15}-N(II}-C(12}-C(III) 
N(II}-C(12}-C(13}-C(14) 
C(12}-C(13}-C(14}-C(15) 
C( 13}-C(14 }-C(15}-C(121) 
C(137}-N(11}-C(15}-C(14) 
C(137}-N(II}-C(15}-C(121) 
N(11}-C(12}-C(111}-C(l15) 
N(II}-C(12}-C(III}-C(l20) 
N(II}-C(12}-C(lII}-S(117) 
N(II}-C(12}-C(111}-S(112) 
C(120}-C(III}-S(112}-C(113) 
S(117}-C(III}-S(112}-C(113) 
S(112}-C(113}-C(114}-C(115) 
C(12}-C(III}-C(115}-C(114) 
S(112}-C(III}-C(115}-C(114) 
C(115}-C(III}-S(117}-C(118) 
C(12}-C(111}-S(117}-C(118) 
C(III}-S(117}-C(118}-C(119) 
C(115}-C(III}-C(120}-C(119) 
S(117}-C(III}-C(120}-C(119) 
C(118}-C(119}-C(120}-C(III) 
N(11}-C(15}-C(l21}-C(125) 
N(II}-C(15}-C(121}-C(130) 
N(II}-C(15}-C(121}-S(127) 
N(II}-C(15}-C(121}-S(122) 
C(130}-C(121}-S(l22}-C(123) 
S(127}-C(121}-S(122}-C(123) 
S(122}-C(123}-C(124}-C(125) 
C(15}-C(121}-C(125}-C(124) 
S(122}-C(121}-C(125}-C(124) 
C(125}-C(121}-S(127}-C(128) 
-0.21(14) 
176.09(12) 
0.03(14) 
0.16(15) 
175.39(12) 
179.27(11) 
3.52(19) 
41.5(6) 
-146.1(10) 
40.3(5) 
-142.18(13) 
-107(10) 
2.2(5) 
1.4(11) 
176.0(6) 
-0.5(10) 
142(26) 
176.6(10) 
0(2) 
-6(2) 
-5(2) 
5(3) 
141.2(5) 
-43.8(9) 
138.7(2) 
-45.7(2) 
14(5) 
-0.2(9) 
-1(2) 
175.4(8) 
1.4(11) 
13(5) 
C(137}-N(II}-C(12}-C(13) 
C(137}-N(II}-C(12}-C(III) 
C(III}-C(12}-C(13}-C(14) 
C(13}-C(14}-C(15}-N(11) 
C(12}-N(II}-C(15}-C(14) 
C(12}-N(11}-C(15}-C(121) 
C(13}-C(12}-C(111}-C(115) 
C(13}-C(12}-C(111}-C(120) 
C(13}-C(12}-C(111}-S(117) 
C(13}-C(12}-C(111}-S(112) 
C(115}-C(III}-S(112}-C(113) 
C(12}-C(111}-S(112}-C(113) 
C(III}-S(112}-C(I13}-C(114) 
C(120}-C(III}-C(115}-C(114) 
S(117}-C(III}-C(115}-C(114) 
C(113}-C(114}-C(115}-C(111) 
C(120}-C(111}-S(117}-C(118) 
S(112}-C(III}-S(117}-C(118) 
S(117}-C(118}-C(119}-C(120) 
C(12}-C(III}-C(120}-C(119) 
S(112}-C(III}-C(120}-C(119) 
C(14}-C(15}-C(121}-C(125) 
C(14}-C(15}-C(121}-C(130) 
C(14}-C(15}-C(121}-S(127) 
C(14}-C(15}-C(121}-S(122) 
C(125}-C(121}-S(122}-C(123) 
C(15}-C(121}-S(122}-C(123) 
C(121}-S(122}-C(123}-C(124) 
C(130}-C(121}-C(125}-C(124) 
S(127}-C(121}-C(125}-C(124) 
C(123}-C(124}-C(125}-C(121) 
C(130}-C(121 }-S(127}-C(128) 
-179.16(11) 
-2.86(19) 
-176.16(12) 
-0.29(14) 
0.31(14) 
-175.44(12) 
-142.9(6) 
29.5(10) 
-144.1(5) 
33.40(19) 
1.2(6) 
-175.8(4) 
-1.5(7) 
3.3(14) 
-38(25) 
-0.6(12) 
2.6(15) 
-1.1(11) 
-3(3) 
-179.4(15) 
67(9) 
-33.7(5) 
141.3(9) 
-36.2(2) 
139.33(15) 
-1.9(10) 
-175.7(9) 
1.8(18) 
-0.9(12) 
-166(5) 
0(2) 
-2.2(14) 
244 
Appendix 2 
C(15~(121)-S(127~(128) 
C(121)-S(12~(128~(129) 
C(125~(121~(130~(129) 
S(127~(121~(130~(129) 
C(128~(129~(130~(121) 
C(15)-~(II~(137~(131) 
~(11~(137~(l3l~(136) 
C(137~(131 ~(132~(133) 
C(132~(133~(134~(135) 
C(133~(134~(135~(136) 
C(134~(135~(136~(131) 
C(137~(131~(136~(135) 
175.9(12) 
1(3) 
1(2) 
3(2) 
-3(4) 
90.57(15) 
-177.87(12) 
-178.29(14) 
-1.1(2) 
1.4(2) 
-0.4(2) 
178.63(13) 
S(122~(121)-S(127~(128) 
S(127~(128~(129~(130) 
C(15~(121~(130~(129) 
S(122~(121~(130~(129) 
C(12)-~(11~(137~(131) 
~(11~(137~(131~(132) 
C(136~(131~(132~(133) 
C(131~(132~(133~(134) 
C(132~(133~(134~(138) 
C(138~(134~(135~(136) 
C(132~(131~(136~(135) 
0.0(12) 
1(4) 
-174(2) 
-163(6) 
-90.64(15) 
1.7(2) 
1.3(2) 
-0.3(3) 
178.81(15) 
-178.48(14) 
-1.0(2) 
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Appendix 3: X-Ray Crystal structure of N-(4-methoxy 
benzyl)-2,S-bis(2-thienyl)pyrrole 
.". 
""" 
Table I. Crystal data and structure refinement. 
Identification code 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient !l 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
9 range for data collection 
Index ranges 
Completeness to 9 = 26.50° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
kr5 
C20H17NOS2 
351.47 
120(2) K 
MoKa, 0.71073 A 
a=900 
monoclinic, P2 l /n 
a = 10.3359(2) A 
b = 7.0426(2) A 
c = 24.2075(4) A 
1755.07(7) N 
f3 = 95.119(2)° 
y=90° 
4 
1.330 g/cm3 
0.309 mm- l 
736 
colourless, 0.50 x 0.30 x 0.25 mm3 
15734 (9 range 2.91 to 27.48°) 
Bruker-Nonius KappaCCD 
<I> & Cl scans 
3.01 t027.51° 
h -13 to 10, k-9 to 9, 1-24 t031 
99.8% 
0% 
17318 
4022 (Rint = 0.0527) 
3278 
semi-empirical from equivalents 
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Min. and max. transmission 
Structure solution 
Refinement method 
Weighting parameters a, b 
Data / restraints / parameters 
Final R indices [F~2(Jl 
R indices (all data) 
Goodness-of-fit on F2 
Extinction coefficient 
Largest and mean shiftlsu 
Largest diff. peak and hole 
0.861 and 0.927 
direct methods 
Full-matrix least-squares on F2 
0.0448, 0.4878 
4022 /292 / 293 
RI = 0.0366, wR2 = 0.0900 
RI = 0.0491, wR2 = 0.0972 
1.027 
0.016(2) 
0.004 and 0.000 
0.230 and -0.237 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters 
(N). Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
N(II) 
C(12) 
C(13) 
C(14) 
C(15) 
C(lII) 
S(l12) 
C(113) 
C(1I4) 
C(l15) 
S(1I6) 
C(II7) 
C(l18) 
C(1I9) 
C(121) 
S(122) 
C(123) 
C(124) 
C(125) 
S(126) 
C(127) 
C(l28) 
C(129) 
C(131) 
C(132) 
C(133) 
C(134) 
C(135) 
C(136) 
C(137) 
0(138) 
C(139) 
x 
0.64226(10) 
0.74395(12) 
0.74039(12) 
0.63546(12) 
0.57571(12) 
0.84012(13) 
0.99981(8) 
1.0502(6) 
0.9501(6) 
0.8347(4) 
0.8003(3) 
0.9614(16) 
1.0352(17) 
0.9599(8) 
0.46839(12) 
0.34138(12) 
0.2657(12) 
0.3331(12) 
0.4502(7) 
0.4606(3) 
0.316(2) 
0.272(2) 
0.3634(9) 
0.52022(12) 
0.47096(13) 
0.38149(13) 
0.34114(13) 
0.39190(14) 
0.48017(13) 
0.61554(13) 
0.25040(11) 
0.20440(16) 
y 
0.39905(14) 
0.50404(17) 
0.68114(17) 
0.68437(17) 
0.50916(17) 
0.43213(18) 
0.50989(17) 
0.3854(16) 
0.2901(19) 
0.3142(8) 
0.2843(5) 
0.278(5) 
0.406(4) 
0.4868(17) 
0.44515(17) 
0.3062(2) 
0.319(3) 
0.430(3) 
0.5009(11) 
0.5294(5) 
0.419(5) 
0.321(5) 
0.3348(16) 
0.17033(17) 
0.31668(18) 
0.28390(19) 
0.10031(19) 
-0.0492(2) 
-0.01424(17) 
0.20017(17) 
0.05027(15) 
0.1961(2) 
z 
0.18534(4) 
0.16786(5) 
0.19224(5) 
0.22502(5) 
0.22071(5) 
0.13286(5) 
0.14632(5) 
0.0912(4) 
0.0619(5) 
0.0877(2) 
0.07909(14) 
0.0662(12) 
0.0982(11) 
0.1388(5) 
0.25107(5) 
0.22377(5) 
0.2834(5) 
0.3226(5) 
0.3036(2) 
0.31709(12) 
0.3236(9) 
0.2774(9) 
0.2370(4) 
0.12171(5) 
0.08815(6) 
0.04258(5) 
0.03079(5) 
0.06349(5) 
0.10825(5) 
0.17227(6) 
-0.01131(4) 
-0.04909(6) 
Uo •• 
0.0250(2) 
0.0254(3) 
0.0266(3) 
0.0255(3) 
0.0248(3) 
0.0292(3) 
0.0361(2) 
0.0447(10) 
0.0415(16) 
0.0423(10) 
0.0402(6) 
0.042(3) 
0.049(2) 
0.0439(19) 
0.0276(3) 
0.0395(3) 
0.0400(14) 
0.0380(12) 
0.0354(12) 
0.0312(5) 
0.039(2) 
0.046(3) 
0.0482(19) 
0.0247(3) 
0.0314(3) 
0.0307(3) 
0.0299(3) 
0.0331(3) 
0.0268(3) 
0.0279(3) 
0.0463(3) 
0.0433(4) 
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Table 3. Bond lengths [A] and angles [0]. 
N(II)-C(12) 1.3819(16) N(11)-C(15) 1.3829(16) 
N(II)-C(137) 1.4569(15) C(12)-C(13) 1.3816(17) 
C(12)-C(111) 1.453S(18) C(13)-C(14) 1.4001(19) 
C(14)-C(15) 1.3797(17) C(IS)-C(121) 1.4558(18) 
C(111)-C(119) 1.292(8) C(111)-C(115) 1.371(5) 
C( 111 )-S( 116) 1.689(3) C(111)-S(112) 1.7420(14) 
S(112)-C(I13) 1.716(S) C(113)-C(114) 1.376(6) 
C(114)-C(115) 1.405(8) S( 116)-C(117) 1.721(15) 
C( 117)-C( 118) 1.374(13) C(118)-C(119) 1.426(13) 
C(121)-C(129) 1.354(8) C(121)-C(125) 1.359(5) 
C(121)-S(126) 1.713(3) C(121)-S(122) 1.7211(15) 
S(122)-C(123) 1.70S(7) C(123)-C(124) 1.370(7) 
C(124)-C(125) 1.423(9) S(126)-C(127) 1.708(13) 
C(127)-C(128) 1.35S(12) C(128)-C(129) 1.420(14) 
C(13l)-C(132) 1.3812(18) C(131)-C(136) 1.3940(17) 
C( 13l )-C(13 7) I.S1S8(17) C( 132)-C(133) 1.3939(18) 
C(133)-C(134) 1.3806(19) C(134)-O(138) 1.3682(15) 
C(134)-C(135) 1.3917(19) C(135)-C(136) 1.3751(18) 
O(138)-C(139) 1.4282(18) 
C(12)-N(II)-C(15) 108.87(10) C(12)-N(11)-C(137) 125.63(11) 
C(IS)-N(II)-C(137) 125.34(11) C(13)-C(12)-N(II) 107.59(11) 
C(13)-C(12)-C(111) 127.S3(12) N(II)-C(12)-C(III) 124.78(11) 
C(12)-C(13)-C(14) 107.95(11) C(15)-C(14)-C(13) 107.86(11) 
C(14)-C(IS)-N(II) 107.72(11) C(14)-C(15)-C(121) 126.50(12) 
N(11)-C(IS)-C(121) 125.62(11) C(119)-C(111)-C(IIS) 103.8(5) 
C(119)-C(III)-C(12) 122.0(S) C(115)-C(III)-C(12) 134.0(2) 
C(119)-C(111)-S(116) 115.7(S) C(115)-C(III)-S(116) 11.9(2) 
C(12)-C(111)-S(116) 122.14(13) C(119)-C(III)-S(112) 4.6(5) 
C(115)-C(111)-S(112) 108.1(2) C(12)-C(III)-S(112) 117.86(10) 
S(116)-C(111)-S(112) 119.96(13) C(113)-S(112)-C(111) 92.4(2) 
C(114)-C(113)-S(112) 112.6(4) C(113)-C(114)-C(IIS) 110.0(5) 
C(III)-C(IIS)-C(114) 116.9(4) C(111)-S(116)-C(117) 89.0(6) 
C(118)-C(117)-S(116) 112.2(13) C(117)-C(118)-C(119) 109.9(13) 
C(111)-C(119)-C(118) 112.4(9) C(129)-C(121)-C(125) 103.1(5) 
C(129)-C(121)-C(15) 132.9(4) C(12S)-C(121)-C(15) 123.9(3) 
C(129)-C(121)-S(126) 109.3(4) C(12S)-C(121)-S(126) 6.2(4) 
C(15)-C(121)-S(126) 117.71(13) C(129)-C(121)-S(122) 8.1(S) 
C(12S)-C(121)-S(122) 111.0(3) C(15)-C(121)-S(122) 124.86(10) 
S(126)-C(121)-S(122) 117.21(13) . C(123)-S(122)-C(121) 92.1(3) 
C(124)-C(123)-S(122) 111.9(6) C( 123 )-C(124)-C( 125) 111.7(7) 
C(121)-C(12S)-C(124) 113.2(S) C(127)-S(126)-C(121) 92.4(6) 
C(128)-C(127)-S(126) 112.6(12) C(127)-C(128)-C(129) 110.0(13) 
C(121)-C(129)-C(128) l1S.6(9) C( 132)-C( 13l)-C( 13 6) 118.17(11) 
C(132)-C(131)-C(137) 123.40(11) C(136)-C(131)-C(137) 118.43(11) 
C(131)-C(132)-C(133) 121.70(12) C( 134)-C( 133)-C( 132) 119.0S(12) 
O(138)-C(134)-C(133) 124.73(12) O(138)-C(134)-C(13S) IIS.30(12) 
C(133)-C(134)-C(135) 119.97(12) C(136)-C(135)-C(134) 120.17(12) 
C(13S)-C(136)-C(131) 120.91(12) N (11)-C( 137)-C( 13l) 113.93(10) 
C(134)-O(138)-C(139) 117.30(11) 
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Table 4. Anisotropic displacement parameters (N). The anisotropic displacement 
factor exponent takes the form: _21t2[h2a*2U tl + ... + 2hka*b*U12] 
Ull U22 U33 U23 U I3 U I2 
N(l1) 0.0265(5) 0.0193(5) 0.0277(5) -0.0006(4) -0.0052(4) -0.0008(4) 
C(12) 0.0270(6) 0.0237(6) 0.0241(6) 0.0007(5) -0.0060(5) -0.0015(5) 
C(13) 0.0314(6) 0.0227(6) 0.0245(6) 0.0015(5) -0.0040(5) -0.0045(5) 
C(14) 0.0311(6) 0.0197(6) 0.0245(6) -0.0010(5) -0.0045(5) -0.0001(5) 
C(15) 0.0261(6) 0.0221(6) 0.0246(6) 0.0010(5) -0.0064(5) 0.0010(5) 
C(111) 0.0309(6) 0.0266(6) 0.0294(7) -0.0009(5) -0.0017(5) -0.0015(5) 
S(112) 0.0275(4) 0.0373(4) 0.0434(4) -0.0047(3) 0.0033(3) -0.0057(3) 
C(113) 0.0391(18) 0.049(3) 0.048(2) -0.0079(15) 0.0176(14) -0.0023(18) 
C(114) 0.043(2) 0.044(3) 0.038(2) -0.008(2) 0.0077(17) -0.001(2) 
C(115) 0.041(2) 0.041(2) 0.044(2) -0.0022(13) -0.0017(15) -0.0038(15) 
S(116) 0.0455(14) 0.0419(12) 0.0343(11) -0.0088(7) 0.0103(10) 0.0035(10) 
C(117) 0.040(4) 0.039(5) 0.048(6) 0.001(4) 0.015(4) 0.010(4) 
C(118) 0.043(4) 0.049(6) 0.056(6) -0.002(4) 0.015(3) -0.003(4) 
C(119) 0.045(4) 0.042(4) 0.045(4) -0.002(3) 0.008(4) -0.002(4) 
C(121) 0.0260(6) 0.0223(6) 0.0332(7) 0.0021(5) -0.0050(5) 0.0007(5) 
S(122) 0.0315(4) 0.0385(5) 0.0476(6) -0.0043(4) -0.0011(4) -0.0119(3) 
C(123) 0.031(2) 0.038(3) 0.052(3) 0.004(2) 0.0049(19) -0.0064(18) 
C(124) 0.034(4) 0.036(3) 0.044(2) 0.004(2) 0.0053(19) 0.003(2) 
C(l2S) 0.0313(17) 0.031(2) 0.043(3) 0.0041(19) -0.003(2) 0.0023(13) 
S(126) 0.0292(8) 0.0327(10) 0.0319(10) 0.0020(7) 0.0039(7) 0.0007(6) 
C(127) 0.026(4) 0.038(5) 0.055(4) 0.012(3) 0.011(3) -0.001(3) 
C(128) 0.035(5) 0.040(5) 0.062(5) 0.006(5) -0.007(3) -0.012(4) 
C(129) 0.055(4) 0.042(4) 0.045(4) -0.005(3) -0.009(3) -0.003(3) 
C(131) 0.0241(6) 0.0243(6) 0.0251(6) -0.0023(5) -0.0006(5) -0.0008(5) 
C(132) 0.0351(7) 0.0223(6) 0.0352(7) -0.0013(5) -0.0065(6) -0.0024(5) 
C(133) 0.0339(7) 0.0292(7) 0.0278(7) 0.0029(5) -0.0037(5) -0.0001(5) 
C(134) 0.0333(7) 0.0352(7) 0.0203(6) -0.0014(5) -0.0023(5) -0.0064(6) 
C(135) 0.0451(8) 0.0259(7) 0.0273(7) -0.0030(5) -0.0020(6) -0.0084(6) 
C(136) 0.0331(7) 0.0222(6) 0.0245(6) -0.0001(5) -0.0001(5) -0.0007(5) 
C(I37) 0.0305(7) 0.0187(6) 0.0326(7) -0.0018(5) -0.0072(5) -0.0008(5) 
0(138) 0.0622(7) 0.0428(6) 0.0292(5) 0.0047(4) -0.0212(5) -0.0160(5) 
C(139) 0.0517(9) 0.0474(9) 0.0278(7) 0.0052(6) -0.0133(6) -0.0053(7) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (N). 
x y z U 
H(13) 0.7988 0.7828 0.1876 0.032 
H(14) 0.6099 0.7887 0.2464 0.031 
H(113) 1.1376 0.3827 - 0.0819 0.054 
H(114) 0.9579 0.2184 0.0291 0.050 
H(115) 0.7566 0.2518 0.0744 0.051 
H(I17) 0.9953 0.1949 0.0401 0.050 
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H(118) 1.1234 0.4355 0.0939 0.058 
H(119) 0.9939 0.5715 0.1669 0.053 
H(123) 0.1862 0.2573 0.2888 0.048 
H(124) 0.3051 0.4567 0.3581 0.046 
H(125) 0.5097 0.5792 0.3254 0.043 
H(127) 0.2703 0.4256 0.3560 0.047 
H(128) 0.1924 0.2538 0.2727 0.056 
H(129) 0.3515 0.2706 0.2024 0.058 
H(132) 0.4988 0.4430 0.0963 0.038 
H(133) 0.3488 0.3864 0.0200 0.037 
H(135) 0.3655 -0.1758 0.0549 0.040 
H(136) 0.5143 -0.1173 0.1303 0.032 
H(13A) 0.5806 0.1390 0.2046 0.033 
H(13B) 0.6982 0.1361 0.1660 0.033 
H(13C) 0.1605 0.2944 -0.0290 0.065 
H(13D) 0.1432 0.1416 -0.0781 0.065 
H(13E) 0.2780 0.2524 -0.0661 0.065 
Table 6. Torsion angles [0]. 
C(15)-N(II)-C(12)-C(13) -0.32(13) C(137)-N(II)-C(12)-C(13) -175.83(11) 
C(15)-N(11)-C(12)-C(III) 176.24(11) C(137)-N(II)-C(12)-C(III) 0.73(18) 
N(II)-C(12)-C(13)-C(14) 0.06(13) C(111)-C(12)-C(13)-C(14) -176.38(12) 
C(12)-C(13)-C(14)-C(15) 0.23(14) C(13)-C(14)-C(15)-N(11) -0.43(13) 
C(13)-C(14)-C(15)-C(121) 175.16(11) C(12)-N(II)-C(15)-C(14) 0.47(13) 
C(137)-N(II)-C(15)-C(14) 175.99(10) C(12)-N(II)-C(15)-C(121) -175.16(11) 
C(137)-N(II)-C(15)-C(121) 0.36(18) C(13)-C(12)-C(III)-C(119) 30.9(7) 
N(11)-C(12)-C(III)-C(119) -145.0(7) C(13)-C(12)-C(III)-C(115) -144.4(4) 
N( 11 )-C(12)-C( 111)-C( 115) 39.7(4) C(13)-C(12)-C(111)-S(116) -144.7(2) 
N(II)-C(12)-C(III)-S(116) 39.5(2) C(13)-C(12)-C(111)-S(112) 33.09(18) 
N(II)-C(12)-C(111)-S(112) -142.78(12) C(119)-C(III)-S(112)-C(113) -22(8) 
C(115)-C(III)-S(112)-C(113) 0.7(6) C(12)-C(111)-S(112)-C(113) -177.4(5) 
S(116)-C(III)-S(112)-C(113) 0.4(5) C(III)-S(112)-C(113)-C(114) 1.4(11) 
S(112)-C(I13)-C(114)-C(115) -3.1(16) C(119)-C(III)-C(115)-C(114) -1.0(11) 
C(12)-C(111)-C(115)-C(114) 174.9(8) S(116)-C(III)-C(115)-C(114) 176(3) 
S(112)-C(III)-C(115)-C(114) -2.8(9) C(113)-C(114)-C(115)-C(III) 3.9(15) 
C(119)-C(III)-S(116)-C(117) 5.2(16) C(115)-C(III)-S(116)-C(117) 2(2) 
C(12)-C(111)-S(116)-C(117) -179.0(14) S(112)-C(III)-S(116)-C(117) 3.3(14) 
C(III)-S(116)-C(117)-C(118) -8(3) S(116)-C(117)-C(118)-C(119) 9(4) 
C(115)-C(III)-C(119)-C(118) -0.5(19) C(12)-C(111)-C(119)-C(118) -176.9(16) 
S(116)-C(111)-C(119)-C(118) -1(2) S(112)-C(111)-C(119)-C(118) 158(9) 
C(117)-C(118)-C(119)-C(111) -5(3) C(14)-C(15)-C(121)-C(129) 143.1(8) 
N(11)-C(15)-C(121)-C(129) -42.0(8) C(14)-C(15)-C(121)-C(125) -32.5(5) 
N(11)-C(15)-C(121)-C(125) 142.3(5) C(14)-C(15)-C(121)-S(126) -32.7(2) 
N(11)-C(15)-C(121)-S(126) 142.14(19) C(14)-C(15)-C(121)-S(122) 141.80(13) 
N(II)-C(15)-C(121)-S(122) -43.38(18) C(129)-C(121)-S(122)-C(123) 11(4) 
C(125)-C(121)-S(122)-C(123) -1.1(8) C(15)-C(121)-S(122)-C(123) -176.1(7) 
S(126)-C(121)-S(122)-C(123) -1.6(8) C(121)-S(122)-C(123)-C(124) 1.5(17) 
S(122)-C(123)-C(124)-C(125) -2(2) C(129)-C(121)-C(125)-C(124) -1.2(13) 
C(15)-C(121)-C(125)-C(124) 175.5(10) S(126)-C(121)-C(125)-C(124) 177(5) 
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S(122~(121~(125~(124) 
C(129~(121)-S(126~(127) 
C(15~(121)-S(126~(127) 
C(121)-S(126~(127~(128) 
C(125~(121~(129~(128) 
S(126~(121~(129~(128) 
C(127~(128~(129~(121) 
C(137~(131~(132~(133) 
C(132~(133~(134)-O(138) 
O(138~(134~(135~(136) 
C(134~(135~(136~(131) 
C(137~(131~(136~(135) 
C(15)-~(II~(137~(131) 
C(136~(131~(137)-~(II) 
C(135~(134)-O(138~(139) 
0.5(12) 
-1.2(16) 
175.5(15) 
0(3) 
3(2) 
2(2) 
-3(4) 
-178.75(13) 
177.40(13) 
-177.55(13) 
0.1(2) 
178.69(12) 
91.52(14) 
-174.99(11) 
-174.34(13) 
C(123~(124~(125)-C(121) 
C(125~(121)-S(126~(127) 
S(122~(121)-S(126)-C(127) 
S(126)-C(127)-C(128)-C(129) 
C(15)-C(121)-C(129)-C(128) 
S(122)-C(121)-C(129)-C(128) 
C(136)-C(131)-C(132)-C(133) 
C(131 )-C(132)-C( 133 )-C(134) 
C(132)-C(133)-C(134)-C(135) 
C(133)-C(134)-C(135)-C(136) 
C( 132)-C( 131)-C( 136)-C(135) 
C(12)-~(II)-C(137)-C(131) 
C(132)-C(131)-C(137)-~(II) 
C(133)-C(134)-O(138)-C(139) 
1(2) 
-3(5) 
0.6(15) 
2(5) 
-173.6(19) 
-166(5) 
1.3(2) 
0.0(2) 
-1.4(2) 
1.4(2) 
-1.4(2) 
-93.70(14) 
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Appendix 4: X-Ray Crystal structure of N-(4-nitrobenzyl)-
2,5-bis(2-thienyl)pyrrole 
Table 1. Crystal data and structure refinement. 
Chemical formula 
Formula weight 
Temperature 
Radiation, wavelength 
Crystal system, space group 
Unit cell parameters 
Cell volume 
Z 
Calculated density 
Absorption coefficient 11 
F(OOO) 
Crystal colour and size 
Reflections for cell refinement 
Data collection method 
8 range for data collection 
Index ranges 
Completeness to 8 = 26.50° 
Intensity decay 
Reflections collected 
Independent reflections 
Reflections with F2>2cr 
Absorption correction 
Min. and max. transmission 
Structure solution 
CI9HI4N202S2 
366.44 
120(2) K 
MoKex, 0.7!.073 A 
tricIinic, P I 
a = 12.0230(5) A 
b = 12.3553(7) A 
c = 12.4952(7) A 
1685.12(15) N 
ex = 76.451(2)° 
/3 = 69.633(3)° 
'Y = 89.917(4)° 
4 
1.444 glcm3 
0.331 mm-I 
760 
orange, 0.36 x 0.20 x 0.02 mm3 
59997 (8 range 2.91 to 27.48°) 
Bruker-Nonius KappaCCD 
<l> & OJ scans 
2.97 to 27.71 ° 
h-15to 14,k-16to 15,1-16to 16 
97.9% 
0% 
23923 
7600 (Rint = 0.1247) 
6189 
semi-empirical from equivalents 
0.890 and 0.993 
direct methods 
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Refinement method Full-matrix least-squares on F2 
Weighting parameters a, b 0.0776,2.7607 
Data / restraints / parameters 7600/0/452 
Final R indices [F2:>2cr] RI = 0.0696, wR2 = 0.1829 
R indices (all data) RI = 0.0849, wR2 = 0.1942 
Goodness-of-fit on F2 1.045 
Extinction coefficient 0.012(3) 
Largest and mean shiftfsu 0.001 and 0.000 
Largest diff. peak and hole 0.860 and -0.716 e A-3 
Table 2. Atomic coordinates and equivalent isotropic displacement parameters 
(N). Ueq is defined as one third of the trace of the orthogonalized Uij tensor. 
x y z U,q 
N(11) 1.0185(2) 0.5278(2) 0.8003(2) 0.0219(5) 
C(12) 0.9391(2) 0.4343(2) 0.8360(2) 0.0223(6) 
C(13) 0.8585(3) 0.4583(3) 0.7788(3) 0.0265(6) 
C(14) 0.8888(3) 0.5673(3) 0.7080(3) 0.0266(6) 
C(15) 0.9872(2) 0.6101(2) 0.7220(2) 0.0234(6) 
C(111) 0.9401(3) 0.3329(2) 0.9226(2) 0.0228(6) 
S(112) 0.80504(7) 0.25841(7) 1.01246(7) 0.0291(2) 
C(113) 0.8699(3) 0.1604(3) 1.0856(3) 0.0337(7) 
C(114) 0.9905(3) . 0.1818(3) 1.0462(3) 0.0304(7) 
C(115) 1.0328(3) 0.2821(2) 0.9517(3) 0.0241(6) 
C(121) 1.0496(3) 0.7217(2) 0.6698(3) 0.0241(6) 
S(122) 0.96809(7) 0.83553(7) 0.65940(8) 0.0337(2) 
C(123) 1.0917(3) 0.9281(3) 0.5933(3) 0.0316(7) 
C(124) 1.1938(3) 0.8736(3) 0.5800(3) 0.0321(7) 
C(125) 1.1702(3) 0.7550(3) 0.6244(3) 0.0274(6) 
C(l3l) 1.2322(2) 0.5073(2) 0.7761(2) 0.0225(6) 
C(132) 1.2466(3) 0.4541(2) 0.6869(3) 0.0252(6) 
C(133) 1.3553(3) 0.4155(3) 0.6331(3) 0.0280(6) 
C(134) 1.4489(3) 0.4346(2) 0.6680(3) 0.0263(6) 
C(135) 1.4383(3) 0.4908(3) 0.7537(3) 0.0301(7) 
C(136) 1.3282(3) 0.5260(3) 0.8087(3) 0.0297(7) 
C(137) 1.1129(2) 0.5434(2) 0.8440(2) 0.0220(6) 
N(138) 1.5639(2) 0.3922(2) 0.6130(2) 0.0318(6) 
0(139) 1.5687(2) 0.3307(2) 0.5472(2) 0.0423(6) 
0(140) 1.6498(2) 0.4203(2) 0.6357(2) 0.0443(6) 
C(232) 0.7635(3) 0.1794(2) 0.6972(3) 0.0242(6) 
N(21) 0.5171(2) 0.0776(2) 0.8161(2) 0.0213(5) 
C(22) 0.4836(2) 0.0257(2) 0.7441(3) 0.0242(6) 
C(23) 0.3828(3) 0.0705(3) 0.7306(3) 0.0292(6) 
C(24) 0.3527(3) 0.1505(2) 0.7975(3) 0.0252(6) 
C(25) 'c 0.4354(2) 0.1546(2) 0.8498(3) 0.0231(6) 
C(211) 0.5432(3) -0.0650(3) 0.6970(3) 0.0261(6) 
S(212) 0.45837(8) -0.15879(9) 0.66747(10) 0.0466(3) 
C(213) 0.5775(3) -0.2303(3) 0.6134(4) 0.0448(9) 
C(214) 0.6789(3) -0.1879(3) 0.6179(3) 0.0301(6) 
C(215) 0.6583(3) -0.0921(3) 0.6677(3) 0.0291(6) 
C(221) 0.4408(3) 0.2238(2) 0.9274(3) 0.0245(6) 
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S(222) 0.30768(7) 0.25682(7) 1.02076(7) 0.0310(2) 
C(223) 0.3785(3) 0.3384(3) 1.0740(3) 0.0383(8) 
C(224) 0.4989(3) 0.3399(3) 1.0255(3) 0.0367(8) 
C(225) 0.5355(3) 0.2747(3) 0.9401(3) 0.0291(6) 
C(231) 0.7325(2) 0.0940(2) 0.8005(2) 0.0213(5) 
C(233) 0.8797(3) 0.2281(3) 0.6436(2) 0.0244(6) 
C(234) 0.9629(2) 0.1884(2) 0.6938(2) 0.0233(6) 
C(235) 0.9348(3) 0.1027(2) 0.7947(3) 0.0253(6) 
C(236) 0.8185(2) 0.0562(2) 0.8484(3) 0.0242(6) 
C(237) 0.6063(2) 0.0416(2) 0.8681(3) 0.0236(6) 
N(238) 1.0856(2) 0.2392(2) 0.6381(2) 0.0278(6) 
0(239) 1.1078(2) 0.3245(2) 0.5573(2) 0.0345(5) 
0(240) 1.16080(19) 0.1953(2) 0.6749(2) 0.0386(6) 
Table 3. Bond lengths [A] and angles [0]. 
N(11)-C(12) 1.382(4) N(11)-C(15) 1.386(4) 
N (11)-C( 137) 1.451(3) C(12)-C(13) 1.385(4) 
C(12)-C(111) 1.454(4) C(13)-C(14) 1.396(4) 
C(14)-C(IS) 1.378(4) C(15)-C(121) 1.459(4) 
C(III)-C(115) 1.394(4) C(111)-S(112) 1.731(3) 
S(112)-C(113) 1.699(4) C(JJ3)-C(114) 1.363(5) 
C(114)-C(115) 1.444(4) C(121)-C(125) 1.384(4) 
C(121)-S(122) 1.719(3) S(122)-C(123) 1.705(3) 
C( 123 )-C(124) 1.376(5) C( 124 )-C(125) 1.431(4) 
C( J3J)-C( 132) 1.383(4) C( J3J)-C( 13 6) 1.387(4) 
C( J3J)-C( 137) 1.518(4) C( 132)-C( 133) 1.387(4) 
C( 133)-C( 134) 1.380(4) C(134)-C(135) 1.378(4) 
C(134)-N(138) 1.470(4) C(135)-C(136) 1.386(4) 
N(138)-O(139) 1.231(4) N(138)-O(140) 1.232(4) 
C(232)-C(233) 1.387(4) C(232)-C(231 ) 1.395(4) 
N(21)-C(22) 1.381(4) N(21)-C(25) 1.395(4) 
N(21)-C(237) 1.455(3) C(22)-C(23) 1.379(4) 
C(22)-C(2l1 ) 1.459(4) C(23 )-C(24) 1.408(4) 
C(24)-C(25) 1.374(4) C(25)-C(221 ) 1.452(4) 
C(211)-C(215) 1.366(4) C(211 )-S(212) 1.727(3) 
S(212)-C(213) 1.700(4) C(213 )-C(214) 1.353(5) 
C(214 )-C(215) 1.444(4) C(221 )-C(225) 1.376(4) 
C(221 )-S(222) 1.735(3) S(222)-C(223) 1.701(4) 
C(223)-C(224) 1.360(5) C(224 )-C(225) 1.435(4) 
C(231 )-C(236) 1.394(4) C(231 )-C(237) 1.513(4) 
C(233)-C(234) 1.388(4) C(234)-C(235) 1.380(4) 
C(234)-N(238) 1.462(4) C(235)-C(236) 1.381(4) 
N(238)-O(240) 1.222(3) N(238)-O(239) 1.232(4) 
C(12)-N(11)-C(15) 108.7(2) C(12)-N(11)-C(137) 126.7(2) 
C(15)-N(11)-C(J37) 124.4(2) N(II)-C(J2)-C(13) 107.6(3) 
N(II)-C(12)-C(111) 124.5(3) C(13)-C(12)-C(III) 127.9(3) 
C(l2)-C(J3)-C(J4) 108.0(3) C(IS)-C(14)-C(13) 108.0(3) 
C(14)-C(15)-N(II) 107.7(3) C(14)-C(15)-C(121) 128.7(3) 
N(lI)-C(J5)-C(l21) 123.5(3) C(115)-C(J 11)-C(12) 131.6(3) 
C(115)-C(J II)-S(112) 110.3(2) C(12)-C(III)-S(112) 118.0(2) 
C(113)-S(112)-C(l11) 92.90(15) C(114)-C(113)-S(112) 112.4(2) 
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C(113~(114~(115) 
C(125~(121~(15) 
C(15~(121)-8(122) 
C(124~(123)-8(122) 
C(121~(125~(124) 
C(132~(131~(137) 
C(13l~(132~(133) 
C(135~(134~(133) 
C(133~(134)-N(138) 
C(135~(136~(13l) 
O(139)-N(138)-O(140) 
0(140)-N(138~(134) 
C(22)-N(21 ~(25) 
C(25)-N(21~(237) 
. C(23~(22~(211) 
C(22~(23~(24) 
C(24~(25)-N(21) 
N(21~(25~(221) 
C(215~(211)-8(212) 
C(213)-8(212~(211) 
C(213~(214~(215) 
C(225~(221~(25) 
C(25~(221)-8(222) 
C(224~(223)-8(222) 
C(221~(225~(224) 
C(236~(231 ~(237) 
C(232~(233~(234) 
C(235~(234)-N(238) 
C(234~(235~(236) 
N(21 ~(237~(231) 
O(240)-N(238~(234) 
112.4(3) 
130.2(3) 
119.1(2) 
110.9(2) 
112.2(3) 
122.4(3) 
120.3(3) 
122.4(3) 
118.9(3) 
120.6(3) 
123.8(3) 
118.0(3) 
108.4(2) 
125.0(2) 
127.1(3) 
107.4(3) 
107.6(3) 
124.1(2) 
110.1(2) 
92.50(17) 
111.2(3) 
131.7(3) 
118.1(2) 
112.0(3) 
112.7(3) 
116.9(3) 
118.5(3) 
118.2(3) 
118.2(3) 
117.1(2) 
118.3(3) 
C(III~(115~(114) 
C(125~(121)-8(122) 
C(123)-8(122~(121) 
C(123~(124~(125) 
C(132~(131~(136) 
C(136~(131~(137) 
C(134~(133~(132) 
C(135~(134)-N(138) 
C(134~(135~(136) 
N(11~(137~(131) 
O(139)-N(138~(134) 
C(233~(232~(231) 
C(22)-N(21 ~(237) 
C(23~(22)-N(21) 
N(21~(22~(211) 
C(25~(24~(23) 
C(24~(25~(221 ) 
C(215~(211~(22) 
C(22~(211)-8(212) 
C(214~(213)-8(212) 
C(211~(215~(214) 
C(225~(221 )-8(222) 
C(223)-8(222~(221 ) 
C(223~(224~(225) 
C(236~(231~(232) 
C(232~(231 ~(237) 
C(235~(234~(233) 
C(233~(234)-N(238) 
C(235~(236~(231) 
O(240)-N(238)-O(239) 
O(239)-N(238~(234) 
112.0(3) 
110.6(2) 
93.29(15) 
112.9(3) 
119.9(3) 
117.7(3) 
118.5(3) 
118.7(3) 
118.2(3) 
114.7(2) 
118.2(3) 
119.8(3) 
125.3(2) 
108.3(3) 
124.6(3) 
108.3(3) 
128.3(3) 
132.5(3) 
117.4(2) 
112.8(3) 
113.4(3) 
110.1(2) 
92.68(16) 
112.5(3) 
120.1(3) 
122.9(2) 
122.8(3) 
119.0(3) 
120.6(3) 
123.3(3) 
118.4(3) 
Table 4. Anisotropic displacement parameters (N). The anisotropic displacement 
factor exponent takes the form: _21t2[h2a*2Ull + ... + 2hka*b*UI2] 
N(11) 
C(12) 
C(13) 
C(14) 
C(15) 
C(111) 
8(112) 
C(113) 
C(114) 
C(1I5) 
C(121) 
8(122) 
C(123) 
C(124) 
ull 
0.0200(11) 
0.0229(13) 
0.0237(14) 
0.0253(14) 
0.0209(13) 
0.0247(14) 
0.0253(4) 
0.0385(18) 
0.0314(16) 
0.0237(14) 
0.0257(14) 
0.0311(4) 
0.0424(18) 
0.0351(17) 
U22 
0.0246(12) 
0.0229(13) 
0.0311(15) 
0.0318(16) 
0.0265(14) 
0.0242(14) 
0.0299(4) 
0.0311(17) 
0.0284(16) 
0.0202(13) 
0.0249(14) 
0.0294(4) 
0.0206(14) 
0.0328(17) 
U33 U23 
0.0250(12) -0.0104(10) 
0.0241(13) -0.0118(11) 
0.0293(14) -0.0119(12) 
0.0283(14) -0.0106(12) 
0.0248( 13) -0.0089( 11) 
0.0215(13) -0.0108(11) 
0.0333(4) -0.0118(3) 
0.0286(15) -0.0059(13) 
0.0324(15) -0.0050(13) 
0.0253(14) -0.0047(11) 
0.0245(13) -0.0095(11) 
0.0411(5) -0.0106(3) 
0.0329(16) -0.0055(12) 
0.0288(15) -0.0043(13) 
uB U l2 
-0.0102(9) 0.0052(9) 
-0.0081(11) 0.0053(10) 
-0.0122(12) 0.0034(11) 
-0.0142(12) 0.0056(11) 
-0.0089(11) 0.0076(11) 
-0.0074(11) 0.0023(11) 
-0.0095(3) 0.0017(3) 
-0.0093(13) -0.0035(13) 
-0.0141(13) 0.0043(12) 
-0.0058(11) 0.0040(10) 
-0.0105(11) 0.0057(11) 
-0.0126(3) 0.0090(3) 
-0.0156(14) 0.0008(12) 
-0.0139(13) -0.0017(13) 
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C(125) 0.0241(14) 0.0289(15) 0.0292(15) -0.0074(12) -0.0096(12) 0.0047(11) 
C(131) 0.0229(13) 0.0218(13) 0.0226(13) -0.0062(11) -0.0073(11) 0.0029(10) 
C(132) 0.0226(14) 0.0283(15) 0.0262(14) -0.0102(12) -0.0084(11) 0.0021(11) 
C(133) 0.0284(15) 0.0278(15) 0.0268(14) -0.0110(12) -0.0058(12) 0.0026(12) 
C(134) 0.0239(14) 0.0235(14) 0.0259(14) -0.0031(11) -0.0041(11) 0.0044(11) 
C(135) 0.0223(14) 0.0349(17) 0.0369(16) -0.0119(13) -0.0132(12) 0.0050(12) 
C(l36) 0.0277(15) 0.0371(17) 0.0351(16) -0.0219(14) -0.0160(13) 0.0090(12) 
C(137) 0.0224(13) 0.0256(14) 0.0228(13) -0.0113(11) -0.0103(11) 0.0046(10) 
N(l38) 0.0225(13) 0.0307(14) 0.0344(14) -0.0037(11) -0.0036(11) 0.0057(10) 
0(139) 0.0343(13) 0.0418(14) 0.0443(14) -0.0176(12) -0.0016(11) 0.0102(10) 
0(140) 0.0240(12) 0.0544(16) 0.0514(15) -0.0120(13) -0.0104(11) 0.0113(11) 
C(232) 0.0222(14) 0.0271(15) 0.0255(14) -0.0072(11) -0.0106(11) 0.0026(11) 
N(21) 0.0155(11) 0.0242(12) 0.0254(11) -0.0068(9) -0.0084(9) 0.0045(9) 
C(22) 0.0202(13) 0.0250(14) 0.0280(14) -0.0075(11) -0.0088(11) 0.0021(11) 
C(23) 0.0267(15) 0.0307(16) 0.0365(16) -0.0109(13) -0.0171(13) 0.0030(12) 
C(24) 0.0205(13) 0.0255(14) 0.0316(15) -0.0059(12) -0.0126(11) 0.0031(11) 
C(25) 0.0189(13) 0.0219(13) 0.0275(14) -0.0057(11) -0.0076(11) 0.0024(10) 
C(211) 0.0250(14) 0.0273(15) 0.0270(14) -0.0084(12) -0.0092(11) 0.0035(11) 
S(212) 0.0336(5) 0.0560(6) 0.0671(6) -0.0414(5) -0.0216(4) 0.0086(4) 
C(213) 0.046(2) 0.048(2) 0.051(2) -0.0331(19) -0.0174(17) 0.0096(17) 
C(214) 0.0298(15) 0.0320(16) 0.0302(15) -0.0121(13) -0.0101(12) 0.0059(12) 
C(215) 0.0251(15) 0.0276(15) 0.0354(16) -0.0102(13) -0.0102(12) 0.0039(11) 
C(221) 0.0233(14) 0.0247(14) 0.0248(14) -0.0050(11) -0.0087(11) 0.0028(11) 
S(222) 0.0255(4) 0.0320(4) 0.0351(4) -0.0112(3) -0.0084(3) 0.0068(3) 
C(223) 0.0405(19) 0.047(2) 0.0361(17) -0.0220(16) -0.0173(15) 0.0179(15) 
C(224) 0.0298(16) 0.0439(19) 0.052(2) -0.0298(17) -0.0219(15) 0.0116(14) 
C(225) 0.0238(14) 0.0346(17) 0.0330(16) -0.0161(13) -0.0104(12) 0.0045(12) 
C(23 I) 0.0204(13) 0.0216(13) 0.0253(13) -0.0114(11) -0.0086(10) 0.0056(10) 
C(233) 0.0247(14) 0.0288(15) 0.0219(13) -0.0091(11) -0.0092(11) 0.0029(11) 
C(234) 0.0204(13) 0.0285(14) 0.0232(13) -0.0133(11) -0.0060(11) 0.0011(11) 
C(235) 0.0234(14) 0.0275(15) 0.0312(15) -0.0128(12) -0.0136(12) 0.0061(11) 
C(236) 0.0222(14) 0.0244(14) 0.0275(14) -0.0070(11) -0.0104(11) 0.0047(11) 
C(237) 0.0198(13) 0.0247(14) 0.0267(13) -0.0036(11) -0.0108(11) 0.0041(10) 
N(238) 0.0221(12) 0.0387(15) 0.0262(12) -0.0167(11) -0.0076(10) -0.0003(10) 
0(239) 0.0309(12) 0.0406(13) 0.0279(11) -0.0048(10) -0.0078(9) -0.0079(10) 
0(240) 0.0208(11) 0.0514(15) 0.0445(14) -0.0113(12) -0.0136(10) 0.0021(10) 
Table 5. Hydrogen coordinates and isotropic displacement parameters (A2). 
x y z U 
H(13) 0.7939 0.4091 0.7864 0.032 
H(14) 0.8487 0.6053 0.6588 0.032 
H(113) 0.8270 0.0978 1.1471 0.040 
H(114) 1.0411 0.1359 1.0773 0.037 
H(115) 1.1142 0.3101 0.9139 0.029 
H(123) 1.0903 1.0068 0.5689 0.038 
H(124) 1.2717 0.9109 0.5450 0.039 
H(125) 1.2305 0.7049 0.6230 0.033 
H(132) 1.1817 0.4440 0.6623 0.030 
256 
Appendix 4 
H(133) 1.36S0 0.3767 0.S736 0.034 
H(13S) I.S047 0.S049 0.7746 0.036 
H(136) 1.3183 0.S634 0.8693 0.036 
H(13A) 1.0877 0.S007 0.927S 0.026 
H(13B) 1.1234 0.6234 0.8418 0.026 
H(232) 0.70S3 0.2041 0.6637 0.029 
H(23) 0.3413 0.OS10 0.6846 0.03S 
H(24) 0.286S 0.1941 0.80S2 0.030 
H(213) 0.S732 -0.2934 0.5832 0.OS4 
H(214) 0.7S40 -0.2173 0.5917 0.036 
H(21S) 0.7189 -0.OSI9 0.6790 0.03S 
H(223) 0.3386 0.3783 1.1308 0.046 
H(224) 0.5S28 0.3797 1.04S9 0.044 
H(22S) 0.616S 0.2674 0.8970 0.03S 
H(233) 0.9018 0.2874 0.S741 0.029 
H(23S) 0.9940 0.0764 0.8263 0.030 
H(236) 0.7968 -0.0020 0.9187 0.029 
H(23A) 0.6076 -0.0404 0.879S 0.028 
H(23B) 0.5802 0.OS67 0.9472 0.028 
Table 6. Torsion angles [0]. 
C(IS)-N(II)-C(12)-C(13) 0.5(3) C(137)-N(II)-C(12)-C(13) 17S.3(3) 
C(IS)-N(II)-C(12)-C(III) -176.8(2) C(137)-N(II)-C(12)-C(111) -2.0(4) 
N(ll)-C(12)-C(13)-C(14) -0.2(3) C(1 I I)-C(I 2)-C(13)-C(1 4) 177.0(3) 
C(12)-C(13)-C(14)-C(IS) -0.2(3) C(I3)-C(14)-C(1S)-N(II) 0.5(3) 
C(13)-C(14)-C(IS)-C(121) -177.8(3) C(12)-N(II)-C(1S)-C(14) -0.6(3) 
C(137)-N(II)-C(IS)-C(14) -17S.6(2) C(12)-N(II)-C(IS)-C(121) 177.8(3) 
C(137)-N(ll)-C(IS)-C(121) 2.8(4) N(I 1)-C(12)-C(1 I 1)-C(1 IS) -31.1(S) 
C(13)-C(12)-C(1 11)-C(1 IS) 152.1(3) N(1 1)-C(12)-C(1 I I)-S(1 12) 146.8(2) 
C(13)-C(12)-C(1 11)-S(1 12) -30.0(4) C(IIS)-C(111)-S(112)-C(113) -1.0(2) 
C(12)-C(1 I I)-S(112)-C(1 13) -179.3(2) C(III)-S(112)-C(113)-C(114) 0.7(3) 
S(112)-C(II3)-C(114)-C(11S) -0.3(4) C(12)-C(11 I)-C(I IS)-C(I 14) 179.0(3) 
S(I 12)-C(1 I 1)-C(1 IS)-C(I 14) 1.0(3) C(113)-C(114)-C(1IS)-C(1II) -0.5(4) 
C(14)-C(IS)-C(121)-C(12S) -139.7(3) N(II)-C(IS)-C(121)-C(12S) 42.2(S) 
C(14)-C(IS)-C(121)-S(122) 40.4(4) N(II)-C(IS)-C(121)-S(122) -137.6(2) 
C(12S)-C(121)-S(122)-C(123) 0.8(2) C(IS)-C(121)-S(122)-C(123) -179.3(2) 
C(121)-S(122)-C(123)-C(124) -0.S(3) S(122)-C(123)-C(124)-C(12S) 0.0(4) 
C(IS)-C(121)-C(l2S)-C(124) 179.2(3) S(122)-C(121)-C(12S)-C(124) -1.0(3) 
C(123)-C(124)-C(12S)-C(121) 0.6(4) C(136)-C(131)-C(132)-C(133) 2.6(4) 
C(137)-C(131)-C(132)-C(133) -175.3(3) C( 131 )-C(13 2)-C( 133)-C( 134) -2.1(4) 
C(132)-C(133)-C(134)-C(13S) -O.1(S) C( 132)-C( 133)-C( 134 )-N(13 8) 178.9(3) 
C(133)-C(134)-C(13S)-C(136) 1.9(S) N(138)-C(134)-C(I35)-C(136) -177.2(3) 
C(134)-C(13S)-C(136)-C(131) -1.4(S) C( 132)-C(131 )-C(136)-C( 13S) -0.8(S) 
C(13 7)-C( 131 )-C(136)-C(13S) 177.2(3) C(12)-N(ll)-C(137)-C(131) 90.9(3) 
C(IS)-N(lI)-C(137)-C(I3I) -95.1(3) C(132)-C(I3I)-C(l37)-N(1I) -5.9(4) 
C(136)-C(131)-C(137)-N(II) 176.2(3) C(I3S)-C(134)-N(l38}-O(139) . 171.3(3) 
C(133)-C(134)-N(138}-O(139) -7.8(4) C(13S)-C(134)-N(138}-O(140) -8.6(4) 
C(133)-C(134)-N(138}-O(140) 172.3(3) C(2S)-N(21 )-C(22)-C(23) 1.0(3) 
C(237)-N(21 )-C(22)-C(23) 168.9(3) C(2S)-N(21 )-C(22)-C(211) -176.1(3) 
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C(237)-N(21 )-C(22)-C(211) 
C(211)-C(22)-C(23)-C(24) 
C(23)-C(24)-C(25)-N(21 ) 
C(22)-N(21 )-C(2S)-C(24) 
C(22)-N(21 )-C(2S)-C(221) 
C(23)-C(22)-C(211)-C(215) 
C(23)-C(22)-C(211)-S(212) 
C(21S)-C(211)-S(212)-C(213) 
C(211)-S(212)-C(213)-C(214) 
C(22)-C(211)-C(21S)-C(214) 
C(213)-C(214)-C(215)-C(211) 
N(21 )-C(25)-C(221 )-C(22S) 
N(21 )-C(2S)-C(221 )-S(222) 
C(2S)-C(221 )-S(222)-C(223) 
S(222)-C(223)-C(224)-C(225) 
S(222)-C(221)-C(22S)-C(224) 
C(233)-C(232)-C(231)-C(236) 
C(231)-C(232)-C(233)-C(234) 
C(232)-C(233)-C(234)-N(238) 
N(238)-C(234)-C(23S)-C(236) 
C(232)-C(231)-C(236)-C(235) 
C(22)-N(21 )-C(237)-C(231) 
C(236)-C(231)-C(237)-N(21) 
. C(235)-C(234)-N(238~(240) 
C(23S)-C(234)-N(238~(239) 
-8.1(4) 
175.9(3) 
0.0(3) 
-0.6(3) 
178.9(3) 
153.8(4) 
-24.7(4) 
-1.4(3) 
0.9(3) 
-177.0(3) 
-0.9(4) 
36.0(5) 
-146.7(2) 
-177.2(2) 
1.4(4) 
0.0(4) 
-1.3(4) 
1.3(4) 
-179.9(2) 
178.8(2) 
0.1(4) 
93.2(3) 
-177.7(3) 
8.4(4) 
-170.9(3) 
N(21 )-C(22)-C(23)-C(24) 
C(22)-C(23)-C(24)-C(2S) 
C(23)-C(24)-C(25)-C(221) 
C(237)-N(21)-C(2S)-C(24) 
C(23 7)-N(21 )-C(2S)-C(221) 
N(21)-C(22)-C(211)-C(215) 
N(21)-C(22)-C(211)-S(212) 
C(22)-C(211)-S(212)-C(213) 
S(212)-C(213)-C(214)-C(215) 
S(212)-C(211)-C(215)-C(214) 
C(24)-C(25)-C(221)-C(225) 
C(24)-C(2S)-C(221)-S(222) 
C(22S)-C(221)-S(222)-C(223) 
C(221 )-S(222)-C(223 )-C(224) 
C(25)-C(221 )-C(22S)-C(224) 
C(223 )-C(224 )-C(22S)-C(221) 
C(233)-C(232)-C(231 )-C(237) 
C(232)-C(233)-C(234)-C(23S) 
C(233)-C(234)-C(235)-C(236) 
C(234)-C(235)-C(236)-C(231 ) 
C(237)-C(231)-C(236)-C(235) 
C(2S)-N(21 )-C(23 7)-C(231) 
C(232)-C(231 )-C(23 7)-N(21) 
C(233)-C(234)-N(238~(240) 
C(233)-C(234)-N(238~(239) 
-1.0(3) 
0.6(4) 
-179.5(3) 
-168.5(3) 
10.9(4) 
-29.8(5) 
151.7(2) 
177.4(3) 
-0.1(4) 
1.6(3) 
-144.6(4) 
32.7(4) 
0.7(3) 
-1.2(3) 
177.4(3) 
-0.9(5) 
176.2(3) 
-0.1(4) 
-1.0(4) 
1.0(4) 
-177.5(3) 
-100.8(3) 
4.7(4) 
-171.7(3) 
8.9(4) 
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Appendix 5: General Procedures 
Solvents and Reagents 
Where necessary solvents were dried, distilled and used immediately or stored 
over 4A molecular sieves prior to use. 
Acetic Acid (glacial) Used as purchased from Fisher Scientific, UK. 
Diethyl Ether (>99%) Used as purchased from Fisher Scientific, UK 
or distilled from sodium and benzophenone. 
Dichloromethane Distilled from phosphorus pentoxide. 
N,N-Dimethylformamide (>99.8%) Used as purchased from Aldrich Chemical Co. 
Ltd. 
Ethyl Acetate Distilled from calcium chloride. 
Hexane Used as purchased from Fisher Scientific, UK. 
Light Petroleum Ether (40-60 °C) Distilled from calcium chloride. 
Methanol Distilled from magnesium and iodine. 
Tetrahydrofuran Distilled from sodium and benzophenone. 
Toluene Distilled from sodium. 
Other chemicals used in this work were purchased from Acros (Fisher) Chemicals 
Ltd., Aldrich Chemical Co. Ltd., Lancaster Synthesis Ltd. and Merck Chemicals Ltd. 
Chromatographic Procedures 
Thin layer chromatography (TLC) was carried out using aluminium backed plates 
coated with silica gel (Merck Kiesegel 60 F254). Plates were visualised under light 
(254 nm) or by staining with potassium permanganate. 
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Flash column chromatography was conducted using silica gel (Merck Kiesegel 60 
H). Pressure was applied to the column by hand bellows and samples were applied as 
saturated solutions in an appropriate solvent or adsorbed onto the minimum quantity 
of silica. 
Melting Points 
Melting points were determined on an Electrothermal 9100 melting point 
apparatus and are uncorrected. 
Infrared Spectroscopy 
Infrared spectra were recorded on a Shimadzu FTlR-8400S Spectrophotometer 
(with internal calibration) in the range 4000-400 cm'l, Samples were dissolved in an 
appropriate solvent and run as a thin film or by grinding the sample with potassium 
bromide powder and the consecutive pressing into a disk. 
Nuclear Magnetic Resonance Spectroscopy 
IH and DC Nuclear Magnetic Resonance (NMR) spectra were acquired using 
either a Bruker AC 250 or Bruker DPX 400 Spectrometer. All NMR samples were 
prepared in deuterated solvents with tetramethylsilane (TMS) as the internal 
standard. Multiplicities were recorded as broad peaks (br), singlets (s), doublets (d), 
triplets (t), quartets (q) and multiplets (m). Coupling constants (Jvalues) are reported 
in Hertz (Hz). 
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Mass Spectrometry 
Mass spectra were recorded on a Jeol SXI02 mass spectrometer using electron 
impact (El) or fast atom bombardment (F AB) ionisation teclmiques. 
Electrochemical Techniques 
All the electrochernical measurement were recorded in a EG&G Princeton Applied 
Research Model 263A PotentiostatlGalvanostat. 
UV-Visible Absorption Spectroscopy 
UV-Visible absorption spectra were recorded in a Hewlett Packard 8452A Diode 
Array Spectrophotometer in the range of 200-700 nm. Samples were dissolved in 
dichloromethane or water. 
X-Ray Crystallography 
Data sets were collected on a Bruker SMART 1000 CCD diffractometer with 
graphite monochromated Mo-Ka radiation operating at low temperature (150K). The 
software used for data collection was SMART (Bruker, 2001) and cell 
refinement/data reduction was achieved using the program SAINT (Bruker, 2001). 
The structures were solved by direct methods and refined by full-matrix least-squares 
on F2 using the software SHELXTL (She1drick, G. M. (2001). Version 6.12, Bruker-
AXS Inc., Madison, Wisconsin, USA). 
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